After this paper was published ASAP on September 10, 2014, a correction was made to the equation for log β~3~ in the sixth paragraph of the section Iron and Primitive Life Forms: Siderophores. The corrected version was reposted September 26, 2014.

Introduction {#sec1}
============

Life without iron is virtually unknown.^[@ref1]^ This transition metal represents 5% of the earth's crust and serves as nature's most efficient redox engine. Iron is a member of the third transition triad and occurs in a variety of oxidation states, ranging from −2 in the iron carbonyls to +6 in iron oxides.^[@ref2]^ However, the oxidation states \[Fe(II), 3d^6^; Fe(III), 3d^5^\] and the ensuing redox couple (Chart [1](#cht1){ref-type="chart"}) are the most relevant and represent an equilibrium that is sensitive to both pH and the nature of the ligands surrounding the metal.^[@ref3]^

![Electron Transport Chain Illustrating the Redox Role of Iron](jm-2014-00828f_0002){#cht1}

Nature has exploited Fe(II)/Fe(III), pH, and ligand sensitivity very effectively. Depending on its environment, the metal can serve either as a reducing agent or an oxidizing agent (Chart [1](#cht1){ref-type="chart"}). Probably, iron's most well-studied role is how it facilitates the reduction of oxygen (eq [1](#eq1){ref-type="disp-formula"}). Since oxygen has a triplet ground state, it is unable to react with most organic species without the presence of iron. This reduction is accomplished in a stepwise fashion by a variety of iron-containing enzymes, providing 572 kJ of energy. While the metal plays an essential role in the operation of biochemical transformations critical to life^[@ref4]^ (Table [1](#tbl1){ref-type="other"}), as we shall see, too much iron can be problematic, even lethal, to humans. We will briefly overview catalase,^[@ref5]^ peroxidase,^[@ref6]^ and aconitase,^[@ref7]^ which play important roles in controlling iron-mediated damage and homeostasis.^[@ref8]^

Iron Is Critical to the Reduction of Oxygen to Water and the Production of Energy:

![](jm-2014-00828f_m008)

###### Iron Has a Central Role in a Large Number of Biological Redox Systems

  ---------------------------------------------------------------------------------- ----------------------------------------------------------------
  •Hemoglobin: oxygen delivery                                                       •Catalase: conversion of hydrogen peroxide to water and oxygen
  •Cytochromes: oxidations                                                           •Peroxidases: conversion of hydrogen peroxide to water
  •Ribonucleotide Reductase: conversion of ribonucleotides to deoxyribonucleotides   •Iron Sulfur Proteins, e.g., aconitases and rubredoxins
  ---------------------------------------------------------------------------------- ----------------------------------------------------------------

Iron is key to the function of nearly all redox systems in both primitive and advanced life forms. Thus, the importance of iron homeostasis is obvious. The mechanisms for the uptake, distribution, and excretion of iron are highly complicated but are nevertheless fairly well understood. The process represents a fragile balance, and there are dire consequences associated with failure. Although the effects of too little iron are easily reversed by providing the metal, the impact of too much iron is far more dangerous, especially in higher life forms, e.g., humans^[@ref9]^ (Table [2](#tbl2){ref-type="other"}). Table [2](#tbl2){ref-type="other"} is divided into two kinds of iron-mediated diseases. The first six are systemic disorders, and the last four are focal. The first of the systemic diseases, primary hemochromatosis,^[@ref10]^ is defined by an uncontrolled iron absorption problem, while the next five derive from transfusional iron overload. The last four disorders are related by virtue of a focal iron buildup.

###### Iron Is Pivotal in a Number of Disease States in Both Global and Focal Iron Overload[a](#t2fn1){ref-type="table-fn"}

  --------------------------
  •Primary Hemochromatosis
  •Cooley's Anemia
  •Aplastic Anemia
  •Sickle Cell Disease
  •Myelodysplasia
  •Diamond Blackfan Anemia
  •Parkinson's Disease
  •Reperfusion Injury
  •Hemorrhagic Stroke
  •Macular Degeneration
  --------------------------

Global iron overload, first six syndromes; focal iron overload, last four syndromes.

Primary hemochromatosis is a genetic disorder that is caused by the absorption of excess iron from the gastrointestinal (GI) tract. This leads to a profound buildup of the metal in the liver, pancreas, and heart, and, if left untreated, it may ultimately lead to death due to cardiac failure. However, the disease can be easily managed by therapeutic phlebotomy. On the other hand, although Cooley's anemia,^[@ref11]−[@ref13]^ aplastic anemia,^[@ref14]^ sickle cell disease,^[@ref15]^ myelodysplasia,^[@ref16]^ and Diamond Blackfan anemia^[@ref17]^ are also characterized by iron overload, the excess iron is a consequence of the required blood transfusions.

The transfusional iron-overload diseases are probably best exemplified by Cooley's anemia, β-thalassemia. Thalassemia is a genetic disorder that derives from β-gene mutations, leading to a reduction in hemoglobin synthesis and a disruption of the ratio of α/β chains. The consequence of this unstable ratio is that α-chain aggregates precipitate and compromise red blood cell membranes, thus shortening the life of the erythrocytes. Patients become anemic and require blood transfusions for their entire lives. Each unit of red blood cells introduces ≈250 mg of iron into a closed loop. As with primary hemochromatosis, iron-induced organ damage unfolds unless the metal is removed. Since the patients are anemic, they cannot be bled to remove the excess metal. Iron chelation therapy is the only solution.

As with global iron-overload diseases, the focal iron-overload issues, e.g., Parkinson's disease,^[@ref18]^ hemorrhagic stroke,^[@ref19]^ reperfusion damage,^[@ref20]^ and macular degeneration,^[@ref21]^ are defined by a number of diverse scenarios with one common denominator, unmanaged iron, which is frequently referred to as the nontransferrin-bound iron (NTBI) pool.^[@ref22]^ While the origins of iron-mediated diseases are very different, the mechanism of the iron-induced damage is virtually always the same: production of hydroxyl radicals by the metal's reaction with hydrogen peroxide,^[@ref23],[@ref24]^ the Fenton reaction (eq [2](#eq2){ref-type="disp-formula"}). The hydroxyl radical^[@ref25]^ is a highly reactive species, often compromising everything from membrane components to DNA. The availability of any number of biological reducing agents, e.g., glutathione, ascorbate, superoxide anion, and others, that reduce Fe(III) back to Fe(II) (eq [3](#eq3){ref-type="disp-formula"}) serves only to exacerbate the situation.

Fenton Reaction:

![](jm-2014-00828f_m009)

Redox Cycling Problem with Iron in the Fenton Reaction:

![](jm-2014-00828f_m010)

The Fenton reaction can be viewed as part of the body's normal defense system. For example, when macrophages excrete peroxide,^[@ref26]^ the peroxide is converted to hydroxyl radicals that likely serve to destroy foreign bodies, e.g., bacteria. The extent of the reaction is, of course, limited by the availability of iron. Therefore, a scenario in which there is too much iron would be problematic. Interesting examples of untoward Fenton chemistry in higher life forms are seen in reperfusion damage^[@ref27]^ and in hemorrhagic stroke.^[@ref19]^ Reperfusion damage derives from oxidative stress that is dependent on iron reducing hydrogen peroxide that originates from the conversion of hypoxanthine to xanthine and xanthine to uric acid.^[@ref28]^ A molecule of hydrogen peroxide is produced each time the cycle is repeated. The physical cause of this phenomenon is usually a temporary vascular occlusion, during which time there is a buildup of xanthine and hypoxanthine. On release of the occlusion, oxygen becomes available, and there is a burst of hydrogen peroxide that can react with Fe(II) to produce hydroxyl radicals. Likewise, the mechanism behind the brain damage that occurs following a hemorrhagic stroke arises from the lysis of the red blood cells that are released during the bleed.^[@ref29]^ Heme oxygenase liberates the iron from hemoglobin, and Fenton chemistry unfolds.^[@ref29]^ Again, since humans have no means of eliminating the excess iron, the only way to prevent untoward iron-mediated damage is to sequester the metal and promote its excretion. A review of how primitive life forms and humans manage iron will help to circumscribe the solution to the iron-overload problem.

Iron and Primitive Life Forms: Siderophores {#sec1.1}
===========================================

In the early biosphere, 3.5 billion years ago, iron existed largely as Fe(II), a highly soluble form of the metal.^[@ref30]^ With the onset of blue--green algae and the production of oxygen generated by the ensuing photosynthesis, Fe(III) became the major oxidation state of the metal in the environment. This presented a serious access problem for microorganisms. The solubility product of ferric hydroxide^[@ref31]^ under physiological conditions, *K*~sp~ = 10^--38^, translates to a free Fe(III) concentration of \<10^--18^ M, a concentration well below that required for bacterial growth, ≈10^--7^ M. In order to overcome the problems associated with iron access, early prokaryotes managed to assemble and excrete iron-specific chelators to sequester the otherwise unavailable metal and render it utilizable. These ligands, siderophores^[@ref32]^ (Figures [1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}), are highly Fe(III)-specific, with molecular weights generally between 400 and 1400. They are small molecules relative to their proteinaceous eukaryotic counterparts, e.g., transferrin,^[@ref33],[@ref34]^ molecular weight 80 000. For example, to access iron, bacteria, e.g., *Paracoccus denitrificans*, a Gram-negative soil microorganism, secretes its siderophore, [l]{.smallcaps}-parabactin, into the environment.^[@ref35]^ The five aromatic hydroxyls and the oxazoline ring nitrogen, shown to be the donor centers, coordinate to Fe(III).^[@ref35]^ The siderophore forms a 1:1 metal complex (Figure [3](#fig3){ref-type="fig"}) that eventually encounters the high-affinity receptor on the bacterial surface. The iron is released from the ligand, probably by a reductase; the free chelator dissociates to seek another Fe(III) atom, and the process begins again.

![Catecholamide siderophores.](jm-2014-00828f_0006){#fig1}

![Hydroxamate siderophores.](jm-2014-00828f_0007){#fig2}

![Putative structure of the Fe(III)/parabactin complex.](jm-2014-00828f_0008){#fig3}

![Retrosynthetic analysis of petrobactin.](jm-2014-00828f_0009){#fig4}

![Siderophores outside of the catecholamate and hydroxamate motif: rhizobactin, rhizoferrin, pyochelin, and desferrithiocin (DFT).](jm-2014-00828f_0010){#fig5}

Although there are a number of notable exceptions, siderophores are most often hexacoordinate ligands, forming 1:1 complexes with Fe(III) and are largely defined by either their catechol^[@ref36]^ (Figure [1](#fig1){ref-type="fig"}) or hydroxamate^[@ref37]^ (Figure [2](#fig2){ref-type="fig"}) donors. These ligands are often predicated on polyamine^[@ref38]^ or polyamine precursor backbones. For example, both [l]{.smallcaps}-parabactin^[@ref35],[@ref39],[@ref40]^ and [l]{.smallcaps}-agrobactin,^[@ref41],[@ref42]^ produced by *Agrobacterium tumefaciens*, are built on spermidine backbones; vibriobactin,^[@ref47]−[@ref49]^ isolated from *Vibrio cholerae*, is assembled on a norspermidine framework (Figure [1](#fig1){ref-type="fig"}). Each of these chelators employs catecholamide and oxazoline phenol donors.

One of the most notable exceptions to ligands predicated on polyamine backbones is enterobactin, which is based on a macrocyclic serine system.^[@ref32],[@ref43]−[@ref46]^ This ligand was one of the very first siderophores discovered and is certainly the one most thoroughly studied. It provided investigators with a remarkable and quantitative understanding of the significance of ligand denticity and "fit" in metal binding. The advantage of a single ligand with three bidentate donors, e.g., enterobactin, is an entropic one and translates to enormous formation constants.^[@ref50]^ The donor groups are held in position for optimal complexation with iron. The importance of the entropy issue becomes obvious when comparing the stability of the tris (2,3-dihydroxy-*N*,*N*-dimethylbenzamide) (DHBA)/Fe(III) complex with that of the enterobactin/Fe(III) complex. DHBA forms a 3:1 complex with the metal. The stepwise reactions and respective equilibrium constants are^[@ref50]^

The stepwise equilibria for *K*~1~, *K*~2~, and *K*~3~ can be articulated in a nonstepwise format or as overall equilibrium constants.

The relationship between the stepwise and nonstepwise expressions is given as β~3~ = *K*~1~•*K*~2~•*K*~3~\...•*K*~*n*~ = ∏*K*~*i*~, *i* = 1 -- *n*. Close attention must be given to the literature numbers so as not to confuse β with *K* values. The *K* values are useful in identifying which species are present and generally decrease as the chelator to metal ratio increases.

Thus, β~3~ for these reactions is calculated as β~3~ = *K*~1~•*K*~2~•*K*~3~ or log β~3~ = log *K*~1~ + log *K*~2~ + log *K*~3~ = 40.24. The equilibrium constant for the Fe(III)\[enterobactin\]^−3^ complex is^[@ref50]^

Members of the other large family of multidentate ligands, hydroxamates, are shown in Figure [2](#fig2){ref-type="fig"}. Desferrioxamine^[@ref51]−[@ref55]^ (DFO), DFO G,^[@ref56]^ DFO E,^[@ref57]^ and Nannochelins A^[@ref58]^ and B are all hexacoordinate ligands, forming 1:1 complexes with iron. It is notable that the formation constant for the Fe(III)--hydroxamate complexes is almost always significantly lower than that of their hexacoordinate catecholamide counterparts. The first three hydroxamate ligands were isolated from the same microorganism, *Streptomyces pilosus*. The question remains as to why one strain would produce three similar ligands. DFO, the most well known of these chelators, has served as the standard of care for patients suffering from iron-overload disorders for decades and is still widely used today.

Bisucaberin,^[@ref59]^ isolated from the deep sea microorganism *Alteromonas haloplanktis*, and alcaligin,^[@ref60]^ isolated from *Alcaligenes denitrificans*, form 1:1 complexes with Fe(III) under acidic conditions and 2:3 Fe~2~L~3~ complexes at and above neutral pH. Once again, as with the catecholamide chelators, almost all of the ligands depicted in Figure [2](#fig2){ref-type="fig"} are predicated on polyamine (cadaverine) or polyamine precursor (lysine) backbones, a relevant issue when articulating synthetic designs. This is probably best illustrated by the retrosynthetic description of the synthesis of petrobactin^[@ref61]−[@ref63]^ (Figure [4](#fig4){ref-type="fig"}). Petrobactin is, in several ways, a very unusual chelator. It was first isolated from the oil-degrading marine microorganism *Marinobacter hydrocarbonoclasticus*.^[@ref61]^ Later, the same siderophore was isolated from anthrax.^[@ref63],[@ref64]^ The initially reported structure of petrobactin suggested that the compound was derived from citric acid, spermidine, and 2,3-dihydroxybenzoic acid (Figure [4](#fig4){ref-type="fig"}, upper right). However, when the ligand was synthesized and the structure was verified by NMR spectra, it was discovered that petrobactin utilizes a 3,4-dihydroxybenzoic acid fragment.

Finally, Figure [5](#fig5){ref-type="fig"} illustrates several notable examples of ligands not presenting with either catecholamide or hydroxamate donors, i.e., not members of the two major siderophore families. Both rhizobactin,^[@ref65]^ isolated from *Rhizobium meliloti*, and rhizoferrin,^[@ref66]^ from *Rhizopus microsporus*, employ carboxylate and hydroxyl donors, forming 1:1 iron--ligand complexes at physiological pH. Again, both are predicated on a polyamine precursor backbone, e.g., lysine/rhizobactin or putrescine/rhizoferrin. The remaining two ligands, pyochelin,^[@ref67]^ from *Pseudomonas aeruginosa*, and desferrithiocin,^[@ref68]^ from *Streptomyces pilosus*, employ a thiazoline platform utilizing a phenol, a thiazoline nitrogen, and a carboxyl group as donors. The majority of our discussion will in fact focus on the latter siderophore, desferrithiocin \[(*S*)-4,5-dihydro-2-(3-hydroxy-2-pyridinyl)-4-methyl-4-thiazolecarboxylic acid, DFT\].

How Humans Manage Iron {#sec1.2}
======================

Iron homeostasis in humans is defined by a well-controlled balance among absorption, distribution, storage, and excretion.^[@ref69]^ The human body contains approximately 4--5 g of iron, but the metal is not evenly distributed. Nearly 60--70% is found in circulating erythrocytes, 20--30% is sequestered in the iron storage protein ferritin, and ∼10% serves as a redox component in systems such a myoglobin, cytochrome, and various enzymes (Table [1](#tbl1){ref-type="other"}). Less than 0.1% is associated with the iron shuttle protein transferrin.

Absorption and Distribution of Iron {#sec1.2.1}
-----------------------------------

Iron is largely absorbed through the proximal small intestine as either inorganic iron or from heme. The metal first travels through the apical side of the enterocyte (Figure [6](#fig6){ref-type="fig"}). The divalent metal transporter 1 (DMT1),^[@ref70],[@ref71]^ also known as the natural resistance-associated macrophage protein 2 (NRAMP 2), or divalent cation transporter 1 (DCT1) only provides passage for Fe(II) into the enterocyte. Consequently, dietary iron, which is largely in the Fe(III) state, must first be reduced to Fe(II). A duodenal membrane-bound cytochrome *b* enzyme^[@ref72]^ has been assigned this role. Precisely how heme iron, the most plentiful source of the metal, makes it into the enterocyte still remains somewhat unclear, although once inside, it is released by heme oxygenase.^[@ref73],[@ref74]^ How iron moves within the enterocyte, again, remains undefined. However, it is understood that it exits at the basolateral side of the enterocyte, largely through the ferroportin transporter^[@ref75]^ with the assistance of hephaestin,^[@ref76],[@ref77]^ a transmembrane multicopper oxidase, ceruloplasmin^[@ref78],[@ref79]^ analogue. The export of the metal from the enterocyte is now known to be controlled by hepcidin, an iron-dependent peptide hormone secreted from the liver. Hepcidin^[@ref80],[@ref81]^ is upregulated in the liver under conditions of iron overload. This hormone, once released into the plasma, binds to ferroportin 1, causing it to be internalized and preventing iron release, thus completing the homeostatic loop for iron absorption (Figure [6](#fig6){ref-type="fig"}).

![Iron absorption and processing.](jm-2014-00828f_0011){#fig6}

Once outside of the enterocyte, Fe(III) is sequestered by apotransferrin and is shuttled as needed to a number of key locations. Diferric transferrin provides iron to the bone marrow for hematopoiesis, to the liver for storage by ferritin, and to various tissues to be incorporated by iron-dependent redox proteins. One of the critical steps in the iron cycle involves red blood cells. As described earlier, most of the body's iron resides within the erythrocytes. The red blood cells normally die at approximately 120 days and are processed within the spleen. The released iron is picked up by apotransferrin and is moved to required sites. This iron loop is nearly closed with no mechanism to dispose of excess metal. The regulation of transferrin,^[@ref82],[@ref83]^ the iron shuttle protein, and ferritin,^[@ref84],[@ref85]^ the body's iron storage protein, is highly efficient and controlled by iron levels. The fact that there is no conduit for the excretion of excess iron is the driver for the entire research area articulated in this review.

Transferrin {#sec1.2.2}
-----------

Transferrin is a homodimeric globular protein with a molecular weight of about 80 000. It is responsible for shuttling iron around the body and supplying it to depleted areas.^[@ref82]^ A kind of eukaryotic siderophore, transferrin is a far larger molecule than the microbial siderophores described earlier, e.g., parabactin, molecular weight 625, for delivering iron to a prokaryote. In humans, while some transferrin synthesis occurs in the brain, testes, and mammary tissue, most of the protein is assembled in the liver. It binds two iron atoms each in a hexacoordinate array. The donors consist of two tyrosines, a histidine, and an aspartate and two oxygens from a carbonate anion. At physiological pH ∼ 7.2, the Fe(III) *K*~d~ is 10^--23^ M, while no significant chelation occurs at pH 4.5. Cells in need of iron effectively exploit the pH sensitivity: iron is released intracellularly within a vesicle by a pH change.^[@ref83]^

Operationally, transferrin function is fairly well established, although precisely from where and how transferrin accesses its iron remains somewhat ill defined, thus the expression the "non-transferrin-bound iron" pool. Once iron is fixed, the complex binds to the transferrin receptor^[@ref86]^ (TfR, Figure [7](#fig7){ref-type="fig"}) on the cell surface. The receptor binding affinity varies as diferric transferrin ≫ monoferric transferrin \> apotransferrin. The *K*~d~ of diferric transferrin, for example, is 25 nM. Because the plasma concentration of diferric transferrin is 3--6 μM, it is likely that most of the exposed receptors are saturated.^[@ref87]^

![Transferrin/transferrin receptor cycle. The major steps, depicted counter clockwise, are (a) binding of Fe(III) (●) to transferrin (□, Tf), (b) binding of diferric transferrin to the transferrin receptor (TfR), (c) endocytosis by way of a clathrin-coated pit, (d) iron removal, (e) return of the apotransferrin--transferrin receptor complex to the cell surface, and (f) release of apotransferrin (ApoTf).](jm-2014-00828f_0012){#fig7}

Once bound to the TfR at a ratio of 2:1, the megacomplex reacts with an adapter protein within a clathrin-coated pit, and the megacomplex is endocytosed. Reaching the endosome within the cell, the iron is released because of the low pH within the endosome (Figure [7](#fig7){ref-type="fig"}). The iron is next passed through an endosomal DMT1 and picked up by other iron binding systems, e.g., heme, ferritin, and so forth. At this point, the apotransferrin receptor complex moves back to the cell surface, and the apotransferrin is released for further iron sequestration. It is notable that, generally speaking, transferrin is not a good target for iron chelation for two reasons: (1) it represents a minor fraction of the total iron pool and (2) the poor accessibility of ligands to transferrin-bound iron, derived from the fact that iron is buried within the protein; even ligands with a far higher *K*~f~ for iron than transferrin cannot access the metal.

Ferritin {#sec1.2.3}
--------

The second largest pool of iron in the body is ferritin.^[@ref88],[@ref89]^ Ferritin is a protein that stores iron in a soluble, nontoxic, readily available form and releases it in a controlled fashion. This protein consists of 24 subunits of heavy (H) and light (L) chains that are assembled into a hollow spherical shell. The H chain, believed to have ferroxidase activity, converts soluble Fe(II) entering the sphere to Fe(III) for mineralization.^[@ref89]^ The molecular weight of ferritin, with all 24 subunits combined, is about 450 000, with 4500 stored iron atoms. Iron is released from ferritin by reduction back to Fe(II). Again, it is not a good target for chelation therapy simply because most ligands do not have access to the metal.

Control Mechanism for Iron Storage and Transport Proteins {#sec1.3}
=========================================================

The issue is simply how does cellular iron concentration control the storage and transport of iron. In the diseases we will discuss, when intracellular iron levels increase, ferritin levels would also be expected to increase, or, conversely, when intracellular iron levels decrease, the iron uptake apparatus should be upregulated. All of this occurs at a post-transcriptional level. For example, both transferrin receptor mRNA (mRNA)^[@ref90]^ and ferritin mRNA^[@ref91]^ contain an iron responsive element (IRE), to which the iron responsive protein (IRP) binds.

The IRP is an unusual bifunctional molecule. When cells are replete with iron, IRP, which contains an Fe--S cluster, exhibits aconitase activity.^[@ref7]^ In this form, IRP cannot bind to the IRE. Under low iron conditions, apo-IRP binds very tightly to the IRE. The transferrin receptor mRNA contains five IREs in the 3′-untranslated region, while the ferritin mRNA presents with an IRE in the 5′-untranslated region. The IRE can either be an enhancer or a repressor of translation.

With ferritin, when apo-IRP is bound to the mRNA, it prevents the recruitment of the 43S preinitiation complexes. Thus, when iron levels increase, the IRP iron complex is released from the IRE, and ferritin synthesis begins. The mechanism of cellular iron control of transferrin receptor assembly is somewhat different. Apo-IRP binds to the 3′-IRE, enhancing mRNA stability and increasing translation by preventing degradation. Thus, a decrease in cellular iron upregulates the transferrin receptor mRNA. Other iron regulatory proteins, e.g., DMT1^[@ref92]^ (see above), have similar 3′-IRE control responses.

Transfusional Iron Overload {#sec1.3.1}
---------------------------

Because of space limitations, we will focus on transfusional iron-overload diseases, e.g., thalassemia,^[@ref11]−[@ref13]^ a global iron-overload problem. Nevertheless, many of the drugs that might derive from drug discovery and development efforts focused on this disease will likely be applicable to other global, e.g., sickle cell disease,^[@ref15],[@ref93]^ and focal, e.g., hemorrhagic stroke,^[@ref19],[@ref29]^ iron-overload issues.

There is no physiologic mechanism for the excretion of excess iron from the body other than blood loss, e.g., menstruation. Metal clearance through either the urine or the bile (feces) is virtually nonexistent. The body maintains approximately 4--5 g of iron, moving it very efficiently through a closed metabolic loop. Figure [6](#fig6){ref-type="fig"} best articulates the problem that needs to be overcome with global iron overload, e.g., thalassemia.

As described earlier, thalassemia is a genetic disorder that derives from a rather large number of point mutations, leading to a reduction in β-chain assembly. Often, the lack of correct equilibrium between the α- and β-chains produces unstable α-chain aggregates^[@ref94]^ that precipitate, impacting on red blood cell membrane stability, causing cell lysis. Patients develop severe anemia and require frequent blood transfusions.

Each unit of blood contains approximately 250 mg of iron. The transfused red blood cells live for approximately 90 days and then die and are processed in the spleen. The iron released from heme is shuttled from the spleen by transferrin. The metal builds up in the liver, pancreas, and ultimately in the heart and can lead to primary hepatoma, diabetes, and heart failure. Unlike with patients with primary hemochromatosis,^[@ref10]^ in which the excess iron may be removed by frequent phlebotomy, transfusional iron-overload patients cannot be bled. Again, the only solution is to chelate the metal and promote its excretion.

The nature of transfusional iron-overload diseases sets narrow boundary conditions on a potential chelator's properties. Because these are genetic disorders, the patients will require lifelong exposure to the drug; this can translate to compliance issues. For example, one of the main drawbacks of desferrioxamine (DFO)^[@ref53]^ is that it must be administered by subcutaneous (sc) infusion in the abdomen for 8--12 h a day, 5--7 days a week. Patients were often not compliant. Thus began the search for orally effective iron chelators. The ligands, then, must be highly specific for iron, should be orally active, and present with an especially clean toxicity profile.

Animal Models and Iron Clearing Efficiency {#sec1.4}
==========================================

Because of the dependence of iron binding on so many different parameters, e.g., ligand denticity, stoichiometry, pH, and others, investigators developed the pM scale as a means to compare the potential effectiveness of ligands at sequestering iron.^[@ref95]^ The pM values (−log \[Fe^3+^\]) express the amount of free iron present at equilibrium under the following conditions: a ligand concentration of 10^--5^ M, a total iron concentration of 10^--6^ M, and a pH of 7.4. The larger the pM value, the less free iron is present, and the more effective the chelator is at binding. A similar scale, referred to as iron clearing efficiency (ICE), was required to assess the performance of iron chelators in animals. The ICE, expressed as a percent, is calculated as (ligand-induced iron excretion/theoretical iron excretion) × 100.^[@ref96]^ To illustrate, the theoretical iron excretion after the administration of 1 mmol of DFO, a hexadentate chelator that forms a 1:1 complex with Fe(III), is 1 milli-g-atom of the metal.

Two animal models are used in our laboratories to determine the ICE of the ligands, the non-iron-overloaded, bile duct-cannulated rodent^[@ref97]^ and the iron-overloaded *Cebus apella* primate.^[@ref98],[@ref99]^ The ICE of a new drug is first determined in the bile duct-cannulated rodent. This is a quick and efficient model to assess whether a chelator should be pursued further. Briefly, the rats are housed singly in metabolic cages. Bile samples are collected via a torque-transmitting tether and a fraction collector at 3 h intervals for up to 48 h. Urine samples are collected at 24 h intervals. Figure [8](#fig8){ref-type="fig"} illustrates the iron clearance properties of a DFT analogue given to the rodents orally (po) at a dose of 300 μmol/kg (equivalent to 100 mg/kg of DFO). With this ligand, maximal iron clearance occurs 3--6 h postdrug and has returned to baseline levels by 12--15 h postdrug. Approximately 90% of the iron was excreted in the bile, while 10% was cleared in the urine (Figure [8](#fig8){ref-type="fig"}, bottom). The biliary ferrokinetics curve (iron excretion vs time, Figure [8](#fig8){ref-type="fig"}, top) provides valuable information with regard to determining how frequently a drug may need to be given to allow for optimal iron clearance. If no overt toxicity was observed with the rodents,^[@ref100]^ then the drugs were eligible to be evaluated in the iron-overloaded *Cebus apella* monkey model.

![Biliary ferrokinetics and iron excretion in non-iron-overloaded, bile duct-cannulated rats given a DFT analogue orally at a dose of 300 μmol/kg.](jm-2014-00828f_0013){#fig8}

Briefly, the monkeys were iron-overloaded with intravenous (iv) iron dextran as previously described.^[@ref101]^ At least 20 half-lives, 60 days, was allowed to pass before the animals were used in an iron clearance experiment. One week prior to the administration of an iron chelator, the monkeys were transferred from their usual housing to metal-free metabolic cages and were started on a low-iron liquid diet (\<10 ppm Fe).^[@ref100],[@ref101]^ Urine and stool samples were collected from the metabolic cages at 24 h intervals beginning on day −3 until day +5. The monkeys were anesthetized on day 0 and were given the chelator either po or sc. The iron content of the urine and bile/feces samples were assessed as previously described.^[@ref101]^

Figure [9](#fig9){ref-type="fig"} illustrates the iron excretion induced by DFO given to the monkeys sc at a dose of 150 μmol/kg (100 mg/kg). Very little variability is noted in the predrug urine or stool samples. The DFO-induced iron excretion is observed in the urine and feces samples collected 1 day postdrug. The iron output then generally returned to baseline levels by day +2 and for the remainder of the collection period. The ICE of DFO in this group of primates was 5.1 ± 2.4%; approximately 40% of the iron was excreted in the urine.

![Iron excretion induced by DFO given to *Cebus* monkeys sc at a dose of 150 μmol/kg.](jm-2014-00828f_0014){#fig9}

The *Cebus apella* primates have proven to be very effective at predicting how well a chelator will perform in humans.^[@ref96],[@ref102]^ For example, the iron excretion induced by the administration of three chelators, DFO, 1,2-dimethyl-3-hydroxy-4-pyridone (L1), and *N*,*N*′-bis(2-hydroxybenzyl)ethylenediamine-*N*,*N*′-diacetic acid (HBED), to rodents, primates, and humans is depicted in Figure [10](#fig10){ref-type="fig"}. DFO was given to the rats and monkeys as a sc bolus at a dose of 150 μmol/kg and to humans as an 8 h sc infusion at a dose of 92 μmol/kg.^[@ref102]^ L1 was given po to the rats and primates at a dose of 450 μmol/kg and to humans po at a dose of about 540 μmol/kg.^[@ref102]^ Finally, HBED was given to the rats and monkeys po at a dose of 150 μmol/kg and to humans po at doses of 103 or 206 μmol/kg.^[@ref96],[@ref102]^ In the rats, the order of chelator efficacy was HBED \> DFO \> L1. However, in both the monkeys and humans, the order was DFO \> L1 \> HBED (Figure [10](#fig10){ref-type="fig"}). In addition, the mode of excretion, i.e., the fraction of iron excreted in the urine and feces, is very similar when comparing the data from the primates and man. Interestingly, although HBED is ineffective when given po to the primates, it is very effective when dosed sc.^[@ref103]−[@ref105]^ However, the efficacy of HBED given sc to patients has not been determined.

![Comparison of chelator-induced iron excretion in rats, monkeys, and man. DFO was given as a sc injection in rats and primates and as an 8 h sc infusion in humans. HBED and L1 were given to all three species po.](jm-2014-00828f_0015){#fig10}

Chelator Design Concepts {#sec1.5}
========================

There are three potential platforms from which to choose: (1) a natural product iron chelator (a siderophore, Figures [1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [5](#fig5){ref-type="fig"}), (2) a totally synthetic system, or (3) a hybrid, i.e., a structurally modified siderophore. The best example of a natural product iron chelator for treatment of transfusional iron overload is, of course, desferrioxamine (Figure [2](#fig2){ref-type="fig"}).^[@ref51]−[@ref54]^ This trihydroxamate ligand, isolated from *Streptomyces pilosus,* forms a 1:1 hexacoordinate complex with Fe(III), *K*~d~ = 1 × 10^--28^ M. It was the standard of care for many years and is still in use today. While DFO is highly selective for Fe(III), it is only moderately effective in humans when given sc or iv; it is not active when given po. Its lack of oral activity is almost certainly due to its highly polar nature, as reflected in its poor lipid solubility, log *P*~app~ \< −3.2.^[@ref106]^

There is a concern about utilizing a siderophore or a siderophore analogue as a platform for developing iron decorporation therapeutics. Although siderophores are very efficient at sequestering iron, they can also promote the growth of bacterial pathogens.^[@ref46],[@ref107],[@ref108]^ For example, desferrioxamine administration has been associated with the occurrence of *Yersinia enterocolitica* septicemia in humans,^[@ref55]^ but this is uncommon. However, it has also been demonstrated that small changes in the siderophore, e.g., stereochemistry, can profoundly reduce the ligand's capacity to promote bacterial growth. For example, when *Escherichia coli* was presented with enantioenterobactin,^[@ref107],[@ref109]^ there was no growth stimulation. This was also the case with enantioparabactin.^[@ref108]^ It is also noteworthy that when microorganisms are exposed to foreign chelators, such ligands can shut down their growth.^[@ref110]^

Nature has, in fact, been very effective in managing the issue of catechol chelator-based siderophore stimulation of bacterial growth. Many animals, including humans, chickens, and quail, secrete siderocalins that bind catechol siderophores, thus intercepting iron meant for an invading pathogen and limiting its growth.^[@ref111]^ In the end, it is difficult to predict if modified siderophore platforms will serve to stimulate bacteria growth. However, investigators must remain cognizant of these issues in the early development stages of chelator design strategies.

Many synthetic ligands (Figure [11](#fig11){ref-type="fig"}) have been assembled and studied for their ability to bind iron in situ as well as for their capacity to clear iron from animals. The earlier work is probably best exemplified by Martell's studies on polycarboxylate^[@ref112]−[@ref115]^ chelators. While the work was largely focused on the thermodynamics of iron binding, a number of therapeutically useful chelators, e.g., diethylenetriaminepentaacetic acid (DTPA)^[@ref116],[@ref117]^ and HBED,^[@ref118]−[@ref120]^ were identified. Both of these ligands form 1:1 hexacoordinate complexes with Fe(III). Although they are moderately effective at iron decorporation from humans when given sc or iv, they are not effective when administered po. While HBED is fairly selective for Fe(III), DTPA is not. Its capacity to decorporate a variety of metals other than iron, e.g., zinc, results in a number of unacceptable side effects. Interestingly, DTPA emerged in the clinic slightly before desferrioxamine for the treatment of transfusion-related iron overload.

![Six synthetic chelators, four of which (Exjade, DTPA, L1, and HBED) have been used successfully in humans. CP94 represents a failed attempt to improve on the plasma residence of L1 with the idea of increasing the ICE. TREN-(Me-3,2-HOPO) articulates a successful effort to construct a hexacoordinate ligand from the bidentate L1 platform. Unfortunately, it did not perform well in animals.](jm-2014-00828f_0016){#fig11}

Four additional synthetic ligands are depicted in Figure [11](#fig11){ref-type="fig"}. These include three hydroxypyridones, deferiprone (L1, CP20),^[@ref121]−[@ref123]^ 1,2-diethyl-3-hydroxy-4-pyridinone (CP94),^[@ref124]^ tris\[(3-hydroxy-1-methyl-2-oxo-1,2-dihydropyridine-4-carboxamido)ethyl\]amine \[TREN-(Me-3,2-HOPO)\],^[@ref125]−[@ref127]^ and the triazole 4-\[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl\]benzoic acid (deferasirox, Exjade).^[@ref128]−[@ref130]^ The hydroxypyridones represent a well-articulated structure--activity relationship (SAR) study.^[@ref121]−[@ref124],[@ref131],[@ref132]^ L1 is a bidentate ligand^[@ref133],[@ref134]^ that forms a 3:1 complex with Fe(III) at millimolar concentrations at neutral pH.^[@ref133]^ However, a dilution effect seen in speciation studies suggests that a substantial fraction of a 2:1 Fe(III) complex (40%) exists at micromolar ligand concentrations at pH 7.^[@ref135]^ It has been suggested that this may account for some of the ligand-induced side effects seen in patients. The 2:1 stoichiometry allows for access to the metal by biological reductants and could lead to the production of reactive oxygen species.

Nevertheless, L1 was the first orally active iron chelator^[@ref136]^ and served as a platform for the development of more active, less toxic analogues.^[@ref137]^ The first issue investigators focused on was improving the ligand's iron clearing efficiency, which was moderate at best. Studies suggested that a daily dose of 75 mg/kg was required to keep patients in negative iron balance.^[@ref138]^ This was problematic in view of the toxicity issues. The poor iron decorporation in man was attributed to the high level of the drug's phase II metabolism in the liver. The hydroxyl group, which is essential for chelation, undergoes extensive (\>85%) glucuronidation.^[@ref139]^ Thus, the residence time for the active ligand is shortened.

In an attempt to solve this problem, investigators constructed CP94, the diethyl analogue of L1 (Figure [11](#fig11){ref-type="fig"}).^[@ref132]^ It had a better ICE than L1 in rodents and was 3.5 times more effective than L1 in primates.^[@ref140]^ In addition, CP94 given to the monkeys po was 1.3 times as effective as an equimolar dose of DFO administered sc.^[@ref140]^ This increase in ICE was attributed to less glucuronidation. In rodents, only 14% of CP94 was found to form a 3-*O*-glucoronide versus 44% for L1.^[@ref139]^ Unfortunately, the increase in efficacy noted in rats and primates was not reflected in human clinical trials.^[@ref141],[@ref142]^ A variety of other modifications on L1 have been carried out,^[@ref143]−[@ref145]^ but none have been evaluated clinically.

A further attempt to improve on the hydroxypyridone platform involved the assembly of a hexacoordinate hydroxypyridone, TREN-(Me-3,2-HOPO)^[@ref125]−[@ref127]^ (Figure [11](#fig11){ref-type="fig"}). This hexacoordinate ligand could, in principle, alleviate the toxicity problems associated with the formation of a 2:1 Fe(III) complex that was an issue with L1. Furthermore, it could, in theory, be more selective for Fe(III). The molecule's iron binding properties were thoroughly studied in both iron-loaded and non-iron-loaded rodents.^[@ref125]^ When given po to iron-loaded rats at a dose of 30 μmol/kg, the ICE was 8.3 ± 2.6%. However, the same dose in the non-iron-overloaded animals was virtually ineffective.^[@ref125]^ This was very surprising and disappointing. It seems like little else has been done with this ligand as an iron decorporating agent.

Certainly, the most well known of all of the synthetic chelators is Exjade,^[@ref128]−[@ref130]^ desferasirox, developed by Novartis (Figure [11](#fig11){ref-type="fig"}). The ligand emerged from a well-articulated, rational drug design program including very extensive molecular modeling and screening studies. It is a tridentate ligand built on a triazole platform that is highly selective for iron and has a low affinity for trace metals, such as zinc or copper. It forms 2:1 complexes with Fe(III) and is orally active. Unfortunately, the ligand presents with several shortcomings: it does not show noninferiority to DFO and is associated with numerous side effects, including some serious renal toxicity issues.^[@ref146]^

The last platform, hybrid ligands predicated on modified siderophores, is probably best characterized by the work on catecholamides. This received tremendous attention early on. The catecholamide bidentate fragments are found in a variety of siderophores, e.g., enterobactin, parabactin, vibriobactin, and others (Figure [1](#fig1){ref-type="fig"}), all of which bind iron very tightly. These natural products form 1:1 hexacoordinate complexes with Fe(III) with formation constants ≈10^48^ M^--1^. While some of these siderophores do, in fact, remove iron from animals when they are administered sc, they do not work when given po. However, the catecholamide-based chelators were key in defining coordination chemistry issues surrounding ligand design concepts.

Much of the original work was dedicated to assembling ligands with catecholamide donors and the evaluation of the significance of entropy on Fe(III) binding.^[@ref147]−[@ref150]^ Unfortunately, in spite of the enormous number of catecholamide-based chelators synthesized, very little is published on their ICE in animals, and virtually nothing in humans has been published. Nevertheless, the outcome of these studies did underscore issues that are important in the design and assembly of clinically useful iron chelation agents. The significance of the geometry and denticity of ligands in the thermodynamics of iron binding was well-articulated. Assuming the same donor groups and approximate distance between them, iron binding generally followed the trend hexadentate ≫ tridentate \> bidentate. Unfortunately, the thermodynamics of iron binding is almost of no value in predicting how well ligands will perform as iron decorporating agents in animals, particularly when administered orally. The formation constant serves as a kind of go/no-go gauge. If the ligands bind iron poorly, then they are not likely to work in animals. If they bind iron tightly, they at least merit animal trials. Several parameters govern the performance of chelators in animals: GI absorption of the drug, organ distribution, and plasma residence time. Once it has been shown that a chelator can remove iron from an animal when administered either po or sc, there is the entirely separate but critical issue of ligand toxicity. The modified siderophore platforms that best characterize the success of this approach are the ligands predicated on desferrithiocin (DFT).

DFT: Structure--Activity Studies {#sec1.6}
================================

DFT is a siderophore that was isolated from *Streptomyces antibioticus*.^[@ref68]^ It is a tricoordinate ligand and can be viewed as derived from the condensation of 3-hydroxypicolinic acid (**1**) and (*S*)-α-methyl cysteine (**2**) (Figure [12](#fig12){ref-type="fig"}). It forms a 2:1 complex with Fe(III) with a β~2~ = 4 × 10^29^.^[@ref151]^ On the basis of studies of the Cr(III) surrogate, two iron diastereomers, the Λ and Δ complexes, are likely formed.^[@ref152]^ The compound was shown to be an excellent deferration agent when given po to rodents (ICE 5.5 ± 3.2%)^[@ref97]^ and *Cebus apella* primates (ICE 16.1 ± 8.5%).^[@ref101],[@ref153]^ However, it caused severe nephrotoxicity in rats.^[@ref100],[@ref154]^ Nevertheless, the ligand's remarkable oral activity spurred an extensive SAR study focused on the DFT platform aimed at identifying an analogue with similar iron clearing properties but without the attendant nephrotoxicity. These SAR studies have led to three different DFT analogues being evaluated in human clinical trials.

![A retrosynthetic overview of desferrithiocin (DFT).](jm-2014-00828f_0017){#fig12}

Two synthetic considerations guided the first SAR study on DFT: the potential problems in accessing its unusual α-methyl cysteine fragment and the complications associated with modifying the pyridine ring. Removal of the DFT methyl group^[@ref155],[@ref156]^ (Figure [13](#fig13){ref-type="fig"}) provided (*S*)-4,5-dihydro-2-(3-hydroxy-2-pyridinyl)-4-thiazolecarboxylic acid (DMDFT, **3**) and diminished the ICE in both rodents (2.4 ± 0.6%) and primates (8.0 ± 2.5%). Removal of the pyridine nitrogen, leading to (*S*)-4,5-dihydro-2-(2-hydroxyphenyl)-4-methyl-4-thiazolecarboxylic acid (DADFT, **4**), provided a chelator with ICE values similar to the parent, 2.7 ± 0.5% (rodents) and 21.5 ± 12% (primates). Removal of both the nitrogen and the methyl, yielding (*S*)-4,5-dihydro-2-(2-hydroxyphenyl)-4-thiazolecarboxylic acid (DADMDFT, **5**), resulted in a compound with a reduced ICE in rodents (1.4 ± 0.6%) and primates (12.4 ± 7.6%). While the three new ligands did not present with any renal toxicity, **4** and **5** did cause serious GI toxicity (Figure [14](#fig14){ref-type="fig"}).

![Structure--activity relationships of the desferrithiocins and iron clearing efficiency. The dose of DFT or analogue in the rats is 150 μmol/kg; the dose in the monkeys is as shown in parentheses for each ligand. The mode of administration is shown in parentheses next to the efficiency (%, ±standard deviation). The fraction of iron excreted in the bile or stool and urine is shown in brackets.](jm-2014-00828f_0018){#fig13}

![Structure--activity relationship of the DFTs and toxicity. The ligands were administered orally at a dose of 384 μmol/kg/day for up to 10 days. Note that this dose is equivalent to 100 mg/kg/day of the sodium salt of DFT.](jm-2014-00828f_0019){#fig14}

Nevertheless, because of the profound change in toxicity profiles noted with DMDFT (**3**), DADFT (**4**), and DADMDFT (**5**), the ligands served as pharmacophores on which to base further SAR studies. It was anticipated that we would be able to program out the toxicity. In addition, derivatives of **4** and **5** are more synthetically accessible than those of DFT, principally because of the absence of the 3-hydroxypicolinic acid fragment (**1**). Thus, the systematic alteration of up to five structural parameters of the ligands were evaluated for their impact on the molecules' toxicity and/or ICE.^[@ref153],[@ref155]−[@ref159]^ The structural alterations included (1) modifying the distance between the donor groups, (2) modifying the thiazoline ring, (3) changing the stereochemistry at C-4, (4) altering the lipophilicity of the ligand by benzfusion, or by (5) fixing small substituents to the aromatic ring.

Changing the distance separating the donor groups of DADMDFT (**5**) by the insertion of a methylene between the thiazoline and the aromatic rings (**6**) or a methylene (**7**) or ethylene (**8**) between the thiazoline and carboxylate resulted in ligands with virtually no ICE (Figure [15](#fig15){ref-type="fig"}).^[@ref157]^ Very little iron clearance was also seen when converting the thiazoline ring to dihydropyrrole **9**, thiazole **10**, thiazolidine **11**, dihydroimidazole **12**, dihydro-1,3-thiazine **13**, or oxazolines **14** and **15** (Figure [16](#fig16){ref-type="fig"}).^[@ref158]^ The effect on ICE of changing the stereochemistry at C-4 of (*S*)-DMDFT (**3**), (*S*)-DADMDFT (**5**), and (*S*)-2-(2,4-dihydroxyphenyl)-4,5-dihydro-4-thiazolecarboxylic acid \[4′-(HO)-DADMDFT, **17**\] to the corresponding (*R*) compounds **19**, **18**, or **16** was interesting, but it was not consistent.^[@ref153],[@ref159]^ The most notable data set was for **3** and 4′-(HO)-DADMDFT (**17**): the primates had better ICE with these (*S*)-enantiomers than with corresponding (*R*)-enantiomers **19** and **16** (Figure [17](#fig17){ref-type="fig"}).^[@ref153],[@ref159]^ Changes in the lipophilicity of (*R*)- and (*S*)-DADMDFT and DMDFT was achieved through benzfusion.^[@ref159]^ This manipulation had very little effect on the molecules' ICE values, but it did serve to further underscore the idea that the (*S*) enantiomers perform better in the primates than their (*R*) counterparts (**23** vs **22** and **25** vs **24**) (Figure [18](#fig18){ref-type="fig"}).^[@ref159]^

![Alteration of distances between chelating centers. The rats were given the ligands po or sc at a dose of 150 μmol/kg.](jm-2014-00828f_0020){#fig15}

![Thiazoline ring modifications. The rats were given the ligands po or sc at a dose of 150 μmol/kg; the dose in the monkeys is as shown in parentheses. The mode of administration is shown in parentheses next to the efficiency.](jm-2014-00828f_0021){#fig16}

![Impact of C-4 stereochemistry of DMDFT, DADMDFT, and 4′-(HO)-DADMDFT on iron clearing efficiency. The rats were given the chelators po at a dose of 150 μmol/kg; the dose in the monkeys is as shown in parentheses for each ligand. The mode of administration is shown in parentheses next to the efficiency (%, ± standard deviation). The fraction of iron excreted in the bile or stool and urine is shown in brackets.](jm-2014-00828f_0022){#fig17}

![Increase in lipophilicity by benzfusion. The rats were given the chelators at a dose of 150 μmol/kg; the dose in the monkeys is as shown in parentheses for each ligand. The mode of administration is shown in parentheses next to the efficiency (%, ± standard deviation). The fraction of iron excreted in the bile or stool and urine is shown in brackets.](jm-2014-00828f_0023){#fig18}

Finally, changing the lipophilicity (log *P*~app~) of the DADFT and DADMDFT platforms by fixing small substituents to the aromatic ring had a profound effect on ICE (Table [3](#tbl3){ref-type="other"}).^[@ref160]^ The log *P*~app~ data are expressed as the log of the fraction of chelator in the octanol layer; measurements were done in TRIS buffer, pH 7.4, using a shake flask direct method.^[@ref161]^ The more negative the log *P*~app~, the less chelator is in the octanol phase, the less lipophilic. Within a structural subtype, e.g., the 2′,4′- and 2′,3′-dihydroxy substituted ligands, there is a linear relationship between lipophilicity and ICE (Figure [19](#fig19){ref-type="fig"}).^[@ref160]^ It is clear that the more lipophilic chelators are more effective at removing iron. However, there exists a delicate balance among lipophilicity, ICE, and toxicity. **The more highly lipophilic compounds tend to be more toxic (Table [4](#tbl4){ref-type="other"})**.^[@ref162]^

![Iron-clearing efficiency (percent) in *Cebus* monkeys of 4′-substituted ligands **17, 26--28** (blue circles) and 3′-substituted analogues **29--32** (red squares) plotted versus the respective partition coefficients (log *P*~app~) of the compounds. The primates were given the drugs po at a dose of 150 μmol/kg.](jm-2014-00828f_0024){#fig19}

###### Desferrithiocin Analogues' Iron Clearing Activity When Administered Orally to *C. apella* Primates vs the Partition Coefficients of the Compounds

![](jm-2014-00828f_0041){#fx1}

In the monkeys \[*n* = 4 (**17**, **26**, **27**, **30**), 7 (**28**), 5 (**32**), 6 (**31**), or 8 (**29**)\], the dose was 150 μmol/kg. The efficiency of each compound was calculated by averaging the iron output for 4 days before the administration of the drug, subtracting these numbers from the 2 day iron clearance after the administration of the drug, and then dividing by the theoretical output; the result is expressed as a percent. The relative percentages of the iron excreted in the stool and urine are in brackets.

Data are expressed as the log of the fraction in the octanol layer (log *P*~app~); measurements were done in TRIS buffer, pH 7.4, using a shake flask direct method.

###### Partition Coefficients and Tolerability of DFT Analogues To Examine the Relationship between Log *P*~app~ (Lipophilicity) and Ligand Toxicity

![](jm-2014-00828f_0042){#fx2}

Data are expressed as the log of the fraction in the octanol layer (log *P*~app~); measurements were done in TRIS buffer, pH 7.4, using a shake flask direct method.

The rats were given the drugs po once daily at a dose of 384 μmol/kg/day for up to 10 days. Note that this dose is equivalent to 100 mg/kg/day of the DFT sodium salt.

The most promising finding from these studies was that ligands with small substituents, such as a hydroxyl group on the aromatic ring, with the "correct" lipophilicity can be profoundly less toxic than the parent and have excellent ICE values (Tables [3](#tbl3){ref-type="other"} and [4](#tbl4){ref-type="other"}). As can be seen in Figure [20](#fig20){ref-type="fig"}, the success of this SAR is perhaps best illustrated by the DADFT analogue (*S*)-2-(2,4-dihydroxyphenyl)-4,5-dihydro-4-methyl-4-thiazolecarboxylic acid \[(*S*)-4′-(HO)-DADFT, deferitrin, **26**\]^[@ref153]^ and the corresponding DADMDFT ligand (*S*)-2-(2,4-dihydroxyphenyl)-4,5-dihydro-4-thiazolecarboxylic acid \[(*S*)-4′-(HO)-DADMDFT, **17**\].^[@ref102]^ The kidney from the animal treated with DFT is blanched and very friable, whereas the stomach is normal (Figure [20](#fig20){ref-type="fig"}). In contrast, the kidney from rats given DADFT (**4**) or DADMDFT (**5**) appears normal, whereas the stomach is bloated and hemorrhagic. Finally, the kidney and stomach of rats dosed with (*S*)-4′-(HO)-DADFT (**26**) or (*S*)-4′-(HO)-DADMDFT (**17**) appear normal. Thus, the renal and GI abnormalities found in rodent toxicity studies of DFT were essentially ameliorated. The gross anatomical observations were supported by histopathology. These results led to a human clinical trial with deferitrin (**26**).

![Outcome of structure--activity relationship studies on desferrithiocin. Small structural alterations can have a profound effect on renal and GI toxicity. The kidney from the animal treated with DFT is blanched and very friable, while the stomach is normal. In contrast, the kidney from rats given DADFT (**4**) or DADMDFT (**5**) appears normal, while the stomach is bloated and hemorrhagic. Finally, the kidney and stomach of rats dosed with (*S*)-4′-(HO)-DADFT (**26**) or (*S*)-4′-(HO)-DADMDFT (**17**) appear normal.](jm-2014-00828f_0025){#fig20}

Initial clinical trials with deferitrin looked very promising.^[@ref163]^ Chelator **26** was well-tolerated in patients at doses of 5, 10, or 15 mg/kg/day once daily (s.i.d.) for up to 12 weeks, and iron clearance levels were approaching the requisite 450 μg/kg/day.^[@ref164]^ However, when the drug was given twice daily (b.i.d.) at a dose of 12.5 mg/kg (25 mg/kg/day), unacceptable renal toxicity was observed in three patients after only 4--5 weeks of treatment, and the study was terminated.^[@ref165]^ The directive then became to engineer a ligand that would not cause any nephrotoxicity even when it was given b.i.d.

Reengineering (*S*)-4′-(HO)-DADFT (**26**) {#sec1.7}
==========================================

The guiding tenet for this SAR, and an overview of the relationship between a ligand's log *P*~app~ and tolerability, can be seen in Table [4](#tbl4){ref-type="other"}. Previous studies revealed that within a family of ligands the more lipophilic compounds generally have better iron clearing efficiency. **However, there also exists a second, albeit somewhat more disturbing, relationship: the greater the lipophilicity of a chelator, the more toxic it is.**([@ref166]) Thus, the challenge was to design ligands that balance the lipophilicity/toxicity problem while maintaining ICE. Earlier studies with (*S*)-4,5-dihydro-2-(2-hydroxy-4-methoxyphenyl)-4-methyl-4-thiazolecarboxylic acid \[(*S*)-4′-(CH~3~O)-DADFT, **28**\]^[@ref166]^ and (*S*)-2-(2-hydroxy-3-methoxyphenyl)-4,5-dihydro-4-methyl-4-thiazolecarboxylic acid \[(*S*)-3′-(CH~3~O)-DADFT, **32**\]^[@ref160]^ indicated that these methyl ethers were ligands with excellent ICE in both rodents and primates (Table [3](#tbl3){ref-type="other"}). However, the former ligand was too toxic.^[@ref162]^ With these observations in hand, it was decided that these chelators would serve as platforms from which to generate more water-soluble, less lipophilic compounds with acceptable ICEs. The plan then became, in a formal sense, to anneal a 2,5,8-trioxanonyl polyether fragment to the DADFT aromatic ring methyl groups of **28** and **32**, providing (*S*)-4,5-dihydro-2-\[2-hydroxy-4-(3,6,9-trioxadecyloxy)phenyl\]-4-methyl-4-thiazolecarboxylic acid \[(*S*)-4′-(HO)-DADFT-PE, **34**\], a polyether analogue,^[@ref162]^ and the corresponding 3′-polyether analogue \[(*S*)-4,5-dihydro-2-\[2-hydroxy-3-(3,6,9-trioxadecyloxy)phenyl\]-4-methyl-4-thiazolecarboxylic acid \[(*S*)-3′-(HO)-DADFT-PE, **36**\].^[@ref167]^ The next step would be to determine if this functionalization was compatible with good ICE properties in rodents and primates, and reduced toxicity in rodents. As will be described below, this was a very effective strategy.

Synthesis of (*S*)-4′-(HO)-DADFT-PE (**34**) and (*S*)-3′-(HO)-DADFT-PE (**36**) {#sec1.7.1}
--------------------------------------------------------------------------------

The boundary conditions for the synthetic design of the polyether ligands required that they had to be easily accessible in large quantities (Schemes [1](#sch1){ref-type="scheme"} and [2](#sch2){ref-type="scheme"}). Deferitrin ethyl ester **37** was selectively alkylated at the 4′ postion by heating it with tosylate **38** and potassium carbonate in acetone, providing masked chelator **39**. Cleavage of ethyl ester **39** in aqueous base gave 4′-polyether **34** (Scheme [1](#sch1){ref-type="scheme"}).^[@ref168]^

![Synthesis of **34**\
Reagents and conditions: (a) K~2~CO~3~ (2.1 equiv), acetone, 84%; (b) 50% NaOH (13 equiv), CH~3~OH, then 1 N HCl, rt, 16 h, 93%.](jm-2014-00828f_0036){#sch1}

![Synthesis of **36**\
Reagents and conditions: (a) 60% NaH (2.0 equiv), DMSO, 70%; (b) CH~3~OH(aq), pH 6, 70 °C, 16 h, 90%.](jm-2014-00828f_0037){#sch2}

The less hindered phenolic group of 2,3-dihydroxybenzonitrile (**40**) was alkylated with tosylate **38** and sodium hydride (2 equiv) in DMSO at room temperature, generating nitrile **41** (Scheme [2](#sch2){ref-type="scheme"}). Cyclization of **41** with (*S*)-α-methyl cysteine (**2**) in aqueous CH~3~OH buffered at pH 6 completed the synthesis of 3′-polyether **36**.^[@ref168]^

ICE of (*S*)-4′-(HO)-DADFT-PE (**34**) and (*S*)-3′-(HO)-DADFT-PE (**36**) in Rats and Primates {#sec1.7.2}
-----------------------------------------------------------------------------------------------

When a 3,6,9-trioxadecyl group was fixed to either the 4′-(HO) of (*S*)-4′-(HO)-DADFT (**26**), providing (*S*)-4′-(HO)-DADFT-PE (**34**) (Table [5](#tbl5){ref-type="other"}), or the 3′-(HO) of (*S*)-3′-(HO)-DADFT (**30**), providing (*S*)-3′-(HO)-DADFT-PE (**36**) (Table [5](#tbl5){ref-type="other"}), both ligands were less lipophilic than both their parents and their corresponding *O*-methyl analogues, **34** vs **26** and **28**; **36** vs **30** and **32**.^[@ref162],[@ref167],[@ref168]^ Thermodynamically, (*S*)-3′-(HO)-DADFT-PE (**36**) (log β~2~ = 33.1)^[@ref169]^ is superior to parent molecule DFT (log β~2~ = 29.6)^[@ref151]^ as an iron(III) chelator. Moreover, the concentration of free iron(III) in the presence of excess **36** (pM = 22.3) is comparable to that with desferasirox, also a tricoordinate ligand, (pM = 22.5) at a pH of 7.4.^[@ref169]^

###### Iron Clearing Activity of Desferrithiocin Analogues Administered Orally to Rodents and Primates and the Partition Coefficients of the Compounds

![](jm-2014-00828f_0043){#fx3}

Data are expressed as the log of the fraction in the octanol layer (log *P*~app~); measurements were done in Tris buffer, pH 7.4, using a shake flask direct method.

In the rodents \[*n* = 4 (**28**, **30**, **36**), 5 (**32**, **34**), or 8 (**26**)\], the rats were given a single 300 μmol/kg dose of the ligands orally by gavage. The compounds were given as their sodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water. Compound **34** was solubilized in distilled water. The efficiency of each compound was calculated by subtracting the iron excretion of control animals from the iron excretion of the treated animals. The number was then divided by the theoretical output; the result is expressed as a percent. The relative percentage of the iron excreted in the bile and urine are in brackets.

In the monkeys \[*n* = 4 (**30**, **34**), 5 (**32**), 6 (**26**), or 7 (**28**, **36**)\], the drugs were given po at a dose of 75 μmol/kg (**36**) or 150 μmol/kg (**26**, **28**, **30**, **32**, **34**). The compounds were solubilized in either distilled water (**34**), 40% Cremophor (**28**, **30**, **32**), or were given as their monosodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water (**26**, **36**). The efficiency of each compound was calculated by averaging the iron output for 4 days before the administration of the drug, subtracting these numbers from the 2 day iron clearance after the administration of the drug, and then dividing by the theoretical output; the result is expressed as a percent. The relative percentages of the iron excreted in the stool and urine are in brackets.

The performance ratio (PR) is defined as the mean ICE~primates~/ICE~rodents~.

In the bile duct-cannulated rodent (Table [5](#tbl5){ref-type="other"}), the iron clearing efficiency of the parent (*S*)-4′-(HO)-DADFT (**26**) was poor, 1.1 ± 0.8%. However, 4′-(HO) methylation to (*S*)-4′-(CH~3~O)-DADFT (**28**) had a profound effect on ICE, 6.6 ± 2.8%.^[@ref162]^ Interestingly, the less lipophilic (*S*)-4′-(HO)-DADFT-PE (**34**)^[@ref162]^ had an ICE similar to that of the methoxy compound **28**, 5.5 ± 1.9%. The scenario with the (*S*)-3′-(HO)-DADFT (**30**) series was similar.^[@ref162],[@ref167],[@ref168],[@ref170],[@ref171]^ The 3′-(HO) parent **30** itself performed better in rodents than its 4′-(HO) counterpart (**26**), 4.6 ± 0.9% vs 1.1 ± 0.8%. Again, methylation to (*S*)-3′-(CH~3~O)-DADFT (**32**) also increased the ICE relative to the parent, 12.4 ± 3.5% vs 4.6 ± 0.9%. Fixing a polyether to the 3′-position to produce (*S*)-3′-(HO)-DADFT-PE (**36**) led to a ligand similar to the methoxy analogue with an ICE of 10.6 ± 4.4%.^[@ref167]^

The chelators all performed significantly better in the primates than in the rats, and the results were much more homogeneous (Table [5](#tbl5){ref-type="other"}).^[@ref167],[@ref168],[@ref170],[@ref171]^ The least effective ligand was the parent, (*S*)-4′-(HO)-DADFT (**26**), with an ICE of 16.8 ± 7.2%. The performance ratio (PR) of this ligand, defined as the mean ICE~primates~/ICE~rodents~, was 15.3. All of the other analogues were very effective iron decorporating agents in the primates with ICE values of around 25% and PRs ranging from 1.8 to 5.0 (Table [5](#tbl5){ref-type="other"}). Thus, the changes in log *P*~app~ did not have near the effect on ICE in the primates as was observed in the rodents. What was most remarkable, though, was the change in the toxicity profile.

Toxicity Assessment of Deferitrin (**26**), (*S*)-4′-(HO)-DADFT-PE (**34**), and (*S*)-3′-(HO)-DADFT-PE (**36**) in Rodents: Renal Perfusion Studies {#sec1.7.3}
----------------------------------------------------------------------------------------------------------------------------------------------------

Recall that although deferitrin was generally well tolerated when given to patients s.i.d. at doses of 5, 10, or 15 mg/kg/day, administering the drug b.i.d. at 12.5 mg/kg/dose (25 mg/kg/day) was associated with unacceptable renal toxicity.^[@ref163],[@ref165]^ Because of the apparent increase in renal toxicity observed in patients treated with **26** b.i.d. versus s.i.d., we elected to determine if this damage could be reproduced in the rodents.

In a preliminary dose-range finding study, male Sprague--Dawley rats were given deferitrin b.i.d. for 7 days at doses of 237, 355, or 474 μmol/kg/dose (474, 711, or 947 μmol/kg/day).^[@ref162]^ The drug was found to cause moderate to severe vacuolization in the renal proximal tubules at all doses. It was decided that **26** would serve as a positive control and would be given to the rats s.i.d. at 474 μmol/kg/day × 7 days or b.i.d. at 237 μmol/kg/dose (474 μmol/kg/day) × 7 days. Note that this dose represents 120 mg/kg/day of **26**. Additional groups of rats were given the 3′- and 4′-polyethers (**36** and **34**, respectively) b.i.d. at 237 μmol/kg/dose (474 μmol/kg/day) × 7 days. Aged-matched animals would serve as untreated controls.

Under light microscopy, the proximal and distal tubules of kidneys from the control animals show normal tubular architecture (Figure [21](#fig21){ref-type="fig"}A).^[@ref162]^ The kidneys of rodents treated with **26** s.i.d. (Figure [21](#fig21){ref-type="fig"}B) displayed some vacuolization of the proximal tubule cells. However, the damage was much more severe when the drug was given twice daily. The kidneys of rodents treated with **26** b.i.d. at 237 μmol/kg/dose (474 μmol/kg/day) for 7 days show heavy vacuolization and thinning of the apical membranes (Figure [21](#fig21){ref-type="fig"}C).^[@ref162],[@ref168]^ Interestingly, and much to our surprise, besides some inclusion bodies seen when either 4′-polyether **34** or 3′-polyether **36** was given at 237 μmol/kg b.i.d. for 7 days, there was little if any damage to the proximal tubules (panels D and E of Figure [21](#fig21){ref-type="fig"}, respectively).^[@ref162],[@ref168]^ This allows for tremendous flexibility in dosing schedules with the polyethers.

![Renal perfusion. Control (A), **26** 474 μmol/kg s.i.d. × 7 days (B), **26** 237 μmol/kg b.i.d. × 7 days (C), **34** 237 μmol/kg b.i.d. × 7 days (D), and **36** 237 μmol/kg b.i.d. × 7 days (E). Magnification = 400×.](jm-2014-00828f_0026){#fig21}

Metabolism of (*S*)-4′-(CH~3~O)-DADFT (**28**) and 3′- (**36**) and 4′-Polyethers (**34**) {#sec1.7.4}
------------------------------------------------------------------------------------------

Early metabolic studies with (*S*)-4′-(CH~3~O)-DADFT^[@ref160]^ (**28**) given to rats sc at a dose of 300 μmol/kg revealed that the drug was demethylated in the liver, producing (*S*)-4′-(HO)-DADFT (**26**).^[@ref160]^ This observation encouraged a comparative tissue distribution/metabolism study of (*S*)-4′-(CH~3~O)-DADFT (**28**), (*S*)-4′-(HO)-DADFT-PE (**34**), and (*S*)-3′-(HO)-DADFT-PE (**36**) (Figure [22](#fig22){ref-type="fig"}). If, for example, **34** was converted to deferitrin (**26**) to any great extent, then this would preclude it being given b.i.d. The tissues that were evaluated included the liver, kidney, heart, pancreas, and plasma. The only tissue that presented with any 4′ or 3′ ether chain cleavage at the 4′ position of **34** or the 3′ position of **36** was the liver (Figure [22](#fig22){ref-type="fig"}). At 2 h, about 30% of (*S*)-4′-(CH~3~O)-DADFT (**28**) has been demethylated to (*S*)-4′-(HO)-DADFT (**26**), and the metabolite remains at fairly high levels through the 8 h time point. While the polyethers **34** or **36** show some cleavage to **26** and **30**, respectively, it is minor.^[@ref162]^ At 2 h, 2% of **34** is converted to **26**, and 2.6% of **36** is metabolized to **30**. The metabolites are no longer detectable at the 4 and 8 h time points (Figure [22](#fig22){ref-type="fig"}).

![Metabolic profiles of desazadesferrithiocin analogues **26, 28, 34**, and **36** in the rodent liver. The rats (*n* = 3 per group) were given the drugs sc at a dose of 300 μmol/kg.](jm-2014-00828f_0027){#fig22}

An Alternative Concept {#sec1.8}
======================

A comparison of the iron clearing properties of **26**, **34**, and **36** (Tables [5](#tbl5){ref-type="other"} and [6](#tbl6){ref-type="other"}) encouraged a human clinical trial on **36**. The ligand is now in phase II with Shire, being assessed as its magnesium salt.^[@ref172],[@ref173]^ Since **36** is an oil and its sodium salt is hygroscopic, the choice of a magnesium salt may have been driven by dosage form issues. It is interesting to speculate as to whether the GI and other side effects seen with the magnesium salt^[@ref172],[@ref173]^ derive from the magnesium itself.^[@ref174]−[@ref176]^ It remains to be determined how well the magnesium salt of **36** will perform in patients.

###### Iron Clearing Activity of Desferrithiocin Analogues Given Orally to Non-Iron-Overloaded, Bile Duct-Cannulated Rodents

![](jm-2014-00828f_0044){#fx4}

The compounds were given as their sodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water. Ligand **34** (300 μmol/kg) was solubilized in distilled water.

The efficiency of each compound was calculated by subtracting the iron excretion of control animals from the iron excretion of the treated animals. The number was then divided by the theoretical output; the result is expressed as a percent.

There remained two properties of (*S*)-3′-(HO)-DADFT-PE (**36**) that left room for improvement and provided the impetus for further design considerations. As stated above, the parent drug was an oil. In addition, the dose--response curve in rodents plateaued very quickly (Table [6](#tbl6){ref-type="other"}).^[@ref168]^ For example, when **36** was given po to the bile duct-cannulated rats at a dose of 50 μmol/kg, it caused the excretion of 0.289 ± 0.062 mg/kg of iron and had an ICE of 20.7 ± 4.4%. At a dose of 150 μmol/kg, the drug decorporated 0.782 ± 0.121 mg/kg of iron; the ICE was 18.7 ± 2.9%. Thus, tripling the dose of the drug yielded a nearly 3-fold increase in iron excretion. However, when the dose of the chelator was further increased to 300 μmol/kg, the quantity of iron excreted, 0.887 ± 0.367 mg/kg, was within error of that induced by the drug at 150 μmol/kg (*p* \> 0.05), and the ICE was 10.6 ± 4.4% (Table [6](#tbl6){ref-type="other"}).^[@ref168],[@ref171]^ The deferration induced by **36** was saturable over a fairly narrow dose range.

Synthesis and Biological Evaluation of (*S*)-4,5-Dihydro-2-\[2-hydroxy-4-(3,6-dioxaheptyloxy)phenyl\]-4-methyl-4-thiazolecarboxylic Acid \[(*S*)-4′-(HO)-DADFT-norPE\] {#sec1.9}
======================================================================================================================================================================

Synthesis {#sec1.9.1}
---------

The fact that the 3′-polyether **36** was an oil and its ICE properties were readily saturable seemed potentially problematic. Thus, additional SAR studies were carried out to search for a chelator that had better physiochemical properties, i.e., a solid, and retained its ICE over a wider range of doses than that of **36**. The answer would come with a very simple structural modification of (*S*)-4′-(HO)-DADFT-PE (**34**): the 3,6,9-trioxadecyloxy polyether moiety was replaced with a 3,6-dioxaheptyloxy function.^[@ref168],[@ref170],[@ref177]^ The synthesis involved a 4′-*O*-alkylation of (*S*)-4′-(HO)-DADFT ethyl ester (**37**) with polyether tosylate **42**. The ester **43** was next cleaved in base to produce (*S*)-4′-(HO)-DADFT-norPE (**44**) (Scheme [3](#sch3){ref-type="scheme"}). Both acid **44** and ester precursor **43** were crystalline solids. X-ray crystal structures were obtained for each compound (Figures [23](#fig23){ref-type="fig"} and [24](#fig24){ref-type="fig"}).^[@ref170]^ This unequivocally verified that the structures are correct and, in particular, that the stereochemistry at C-4 was indeed (*S*).

![Synthesis of (*S*)-4,5-Dihydro-2-\[2-hydroxy-4-(3,6-dioxaheptyloxy)phenyl\]-4-methyl-4-thiazolecarboxylic Acid (**44**) and Its Ethyl Ester (**43**)\
Reagents and conditions: (a) K~2~CO~3~ (1.1 equiv), acetone, reflux, 2 days, 73%; (c) 50% NaOH(aq) (13 equiv), CH~3~OH, 80%.](jm-2014-00828f_0038){#sch3}

![X-ray of (*S*)-4,5-dihydro-2-\[2-hydroxy-4-(3,6-dioxaheptyloxy)phenyl\]-4-methyl-4-thiazolecarboxylic acid (**44**). Structure is drawn at 50% probability ellipsoids.](jm-2014-00828f_0028){#fig23}

![X-ray of ethyl (*S*)-4,5-dihydro-2-\[2-hydroxy-4-(3,6-dioxaheptyloxy)phenyl\]-4-methyl-4-thiazolecarboxylate (**43**). Structure is drawn at 50% probability ellipsoids.](jm-2014-00828f_0029){#fig24}

Chelator-Induced Iron Clearance in Rodents and Primates {#sec1.9.2}
-------------------------------------------------------

(*S*)-4′-(HO)-DADFT-norPE acid (**44**) and ethyl (*S*)-4,5-dihydro-2-\[2-hydroxy-4-(3,6-dioxaheptyloxy)phenyl\]-4-methyl-4-thiazolecarboxylate \[(*S*)-4′-(HO)-DADFT-norPE-EE, **43**\] were given to the rats and primates po in capsules.^[@ref170]^ It is clear from this data that **44** has excellent ICE properties in both rodents and primates (Table [7](#tbl7){ref-type="other"}).^[@ref170]^ The performance ratio (PR) is 1. This PR value is relevant in the sense that if a ligand decorporates iron well in both species, then it is likely to work well in humans also.

###### Iron Clearing Efficiency of Desferrithiocin Analogues Administered Orally to Rodents and Primates with the Respective Log *P*~app~ Values and Physiochemical Properties

![](jm-2014-00828f_0045){#fx5}

In the rodents \[*n* = 3 (**44**), 4 (**28**, **34**, **43**, **45**), 5 (DFT), 8 (**26**)\], the drugs were given po at a dose of 150 μmol/kg (DFT) or 300 μmol/kg (**26**, **28**, **34**, **43**--**45**). The drugs were administered in capsules (**43**, **44**), solubilized in either 40% Cremophor RH-40/water (DFT), distilled water (**34**), or were given as their monosodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water (**26**, **28**, **45**). The efficiency of each compound was calculated by subtracting the iron excretion of control animals from the iron excretion of the treated animals. The number was then divided by the theoretical output; the result is expressed as a percent.

ICE is based on a 48 h sample collection period. The relative percentages of the iron excreted in the bile and urine are in brackets.

In the primates \[*n* = 4 (DFT, **28**, **34**, **43**, **44**, in capsules, **45**) or 7 (**26**, **44** as the monosodium salt)\], the chelators were given po at a dose of 75 μmol/kg (**43**--**45**) or 150 μmol/kg (DFT, **26**, **28**, **34**).

The drugs were administered in capsules (**43**, **44**), solubilized in either 40% Cremophor RH-40/water (DFT, **28**), distilled water (**34**), or were given as their monosodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water (**26**, **44**, **45**).

The efficiency was calculated by averaging the iron output for 4 days before the drug, subtracting these numbers from the 2 day iron clearance after the administration of the drug, and then dividing by the theoretical output; the result is expressed as a percent. The relative percentages of the iron excreted in the feces and urine are in brackets.

Performance ratio is defined as the mean ICE~primates~/ICE~rodents~.

Data are expressed as the log of the fraction in the octanol layer (log *P*~app~); measurements were done in TRIS buffer, pH 7.4, using a shake flask direct method.

The biliary ferrokinetics curves in rodents (Figure [25](#fig25){ref-type="fig"}) showcase the progress^[@ref168],[@ref170]^ achieved with this SAR, beginning with deferitrin (**26**), (*S*)-3′-(HO)-DADFT-PE (**36**), and finally, (*S*)-4′-(HO)-DADFT-norPE (**44**), which is far superior to **36** and the parent **26**. The norPE **44** has a protracted residence time and continues to clear iron for 48 h. Note that although the ferrokinetics curve of **44** may appear to be biphasic (Figure [25](#fig25){ref-type="fig"}), the reason for this unusual line shape is that several animals had temporarily obstructed bile flow.^[@ref170]^ While the concentration of iron in the bile remained the same, the bile volume, and thus overall iron excretion, decreased. Once the obstruction was resolved, bile volume and overall iron excretion normalized.

![Biliary ferrokinetics of DFT-related chelators **26**, **36**, and **44** given orally to non-iron-overloaded, bile duct-cannulated rats at a dose of 300 μmol/kg. The iron excretion (*y* axis) is reported as micrograms of iron per kilogram of body weight.](jm-2014-00828f_0030){#fig25}

Dose Response of (*S*)-3′-(HO)-DADFT-PE (**36**) vs (*S*)-4′-(HO)-DADFT-norPE (**44**) {#sec1.9.3}
--------------------------------------------------------------------------------------

In the final analysis, a close look at how **36** compares with **44** (Table [8](#tbl8){ref-type="other"}) underscores several points. When going from 50 to 300 μmol/kg with **36**, the ICE drops by 50%. The same dosage change with **44** shows virtually no decrease in ICE.^[@ref171]^

###### Iron Clearing Efficiency of (*S*)-3′-(HO)-DADFT-PE (**36**) and (*S*)-4′-(HO)-DADFT-norPE (**44**)[a](#tbl8-fn1){ref-type="table-fn"}

![](jm-2014-00828f_0046){#fx6}

Dose response. Over the same dose range, 50--300 μmol/kg, the former drops in ICE by 50%, whereas the latter remains constant.

Tissue Distribution/Metabolism of (*S*)-4′-(HO)-DADFT-norPE (**44**) in Rats {#sec1.9.4}
----------------------------------------------------------------------------

A comparison of the tissue distribution of deferitrin (**26**), (*S*)-3′-(HO)-DADFT-PE (**36**), and (*S*)-4′-(HO)-DADFT-norPE (**44**) given to rodents sc at a dose of 300 μmol/kg clearly demonstrates that **44** achieves, by far, the highest tissue levels of any of the three ligands (Figure [26](#fig26){ref-type="fig"}).^[@ref171]^ As with **36** and **34**, we assessed the liver, kidney, pancreas, heart, and plasma of rodents treated with **44** for **26**.^[@ref171]^ This is the product resulting from cleaving the ether fragment at the 4′ position; no **26** was observed. However, we now continue to search for other potential metabolites. On the basis of studies of similar polyether fragments^[@ref178]−[@ref180]^ fixed to various drugs, cleavage of the terminal methyl group on the ether of **44** could provide an alcohol, which would likely be converted to a carboxylic acid. This would not be unexpected and deserves further consideration.

![A comparison of the tissue distribution of deferitrin (**26**), (*S*)-3′-(HO)-DADFT-PE (**36**), and (*S*)-4′-(HO)-DADFT-norPE (**44**). Rodents were given the drugs sc at 300 μmol/kg and sacrificed at 0.5, 1, 2, 4, and 8 h postexposure. The drug concentrations (*y* axis) are reported as nanomoles of compound per gram of wet weight of tissue or as micromolar (plasma). For all time points, *n* = 3.](jm-2014-00828f_0031){#fig26}

Toxicity Assessments of (*S*)-4′-(HO)-DADFT-norPE (**44**) {#sec1.9.5}
----------------------------------------------------------

Recall that the major hurdle in exploiting the DFT pharmacophore, e.g., deferitrin (**26**), as an orally active iron chelator was its nephrotoxicity.^[@ref163],[@ref165]^ Iron chelator-induced proximal tubule damage is not uncommon. In fact, one of the problems associated with a currently accepted iron-overload treatment, Exjade, is proximal tubule-derived renal damage.^[@ref128],[@ref146]^ Therefore, a series of toxicity studies focusing on **44**'s impact on renal function was carried out in rats. In the initial trial, the drug was given to the animals po once daily for 10 days at a standard dose of 384 μmol/kg/day (equivalent to 100 mg/kg/day of DFT sodium salt). Additional age-matched animals served as untreated controls. All of the rats survived the exposure to the test drug.^[@ref170]^ The animals were euthanized on day 11, 1 day after the last dose of drug. Extensive tissues were sent out for histopathological examination. No drug-related abnormalities were identified. In addition, blood was collected immediately prior to sacrifice and was submitted for a complete blood count and serum chemistries, including the determination of the animals' kidney function, i.e., blood urea nitrogen (BUN) and serum creatinine (SCr). No drug-related abnormalities were found, and the rats' BUN and SCr levels were within the normal range.^[@ref170]^

Unfortunately, biomarkers, e.g., BUN and SCr levels, often do not increase until a serious loss of renal function has occurred. In the past, this could result in the performance of long-term, expensive exposure studies before there was sufficient evidence of nephrotoxicity to warrant terminating the trial. However, this problem has now been overcome with the discovery of kidney injury molecule-1 (Kim-1, rodent) and (KIM-1, human).^[@ref181],[@ref182]^ Kim-1 is a type 1 transmembrane protein located in the epithelial cells of proximal tubules.^[@ref181],[@ref182]^ The ectodomain of the Kim-1 proximal tubule protein is released into the urine very early after exposure to a nephrotoxic agent or ischemia; it appears far sooner than increases in BUN or SCr are detected.^[@ref183],[@ref184]^ BioAssay Works has recently developed RenaStick, a direct lateral flow immunochromatographic assay, which allows for the rapid detection (less than 30 min) and quantitation of urinary Kim-1 excretion.^[@ref185]^

Accordingly, the impact of ligand (*S*)-4′-(HO)-DADFT-norPE (**44**) on urinary Kim-1 excretion has been evaluated in rodents when the drug was given po s.i.d. daily for 28 days (56.9, 113.8, or 170.7 μmol/kg/day), s.i.d. for 10 days (384 μmol/kg/day), and b.i.d. at 237 μmol/kg/dose (474 μmol/kg/day) × 7 days.^[@ref171]^ The studies were performed on rats with normal iron stores. Untreated age-matched rats were used as negative controls. Exjade was used as a positive control for the 384 μmol/kg/day × 10 day dosing regimen, while deferitrin (**26**) served as a positive control for the 237 μmol/kg/dose b.i.d. (474 μmol/kg/day) × 7 day drug exposure.

Very little Kim-1 was found in the urine of the age-matched negative control rats at any time (Figure [27](#fig27){ref-type="fig"}A). However, considerable quantities of Kim-1 were found in the urine of the Exjade-treated rats (Figure [27](#fig27){ref-type="fig"}C); the rats' BUN and SCr were also significantly increased. In fact, none of the Exjade-treated rats survived the planned 10 day exposure to the drug.^[@ref171]^ The b.i.d. × 7 day dosing of deferitrin (**26**) was also associated with an increase in urinary Kim-1 excretion (Figure [27](#fig27){ref-type="fig"}E). Although the BUN and SCr of the deferitrin-treated rats were slightly elevated, all of the animals survived the exposure to the drug. In sharp contrast, very little Kim-1 was found at any time in the urine of any of the rats exposed to (*S*)-4′-(HO)-DADFT-norPE (**44**) (Figure [27](#fig27){ref-type="fig"}B,D,F).^[@ref171]^ Finally, the BUN and SCr of the 4′-norPE-treated groups of rats were virtually identical to those of the age-matched control animals. Taken together, these results have successfully demonstrated the sensitivity and usefulness of the Kim-1 assay.

![Urinary Kim-1 excretion, expressed as Kim-1 (ng/kg/24 h), for the following groups: (A) untreated age-matched control rats, (B) rats treated with **44** po once daily at a dose of 170.7 μmol/kg/day × 28 days, (C) rats given Exjade po once daily at a dose of 384 μmol/kg/day, (D) rats given **44** po once daily at a dose of 384 μmol/kg/day × 10 days, (E) rats given deferitrin (**26**) po twice daily at a dose of 237 μmol/kg/dose (474 μmol/kg/day) × 7 days, and (F) rats given **44** po twice daily at a dose of 237 μmol/kg/dose (474 μmol/kg/day) × 7 days. Note that none of the rats survived the planned 10 day exposure to Exjade. For groups A--D and F, *n* = 5; for group E, *n* = 3.](jm-2014-00828f_0032){#fig27}

Extensive tissues from the control and 170.7 μmol/kg/day × 28 days study were assessed for any histopathology. No drug-related abnormalities were found. Note that this dose is approximately 3 times the dose necessary to excrete 450 μg Fe/kg in the primates, the suggested iron clearance required to keep a thalassemia patient in negative iron balance.^[@ref164]^ These results have provided additional evidence for the safety and tolerability of **44**.

Tissue Iron Decorporation {#sec1.9.6}
-------------------------

As described above, rodents were given acid **44** po at a dose of 384 μmol/kg/day × 10 days.^[@ref170]^ The rats were euthanized 24 h postdrug, and the kidney, liver, pancreas, and heart were removed. The tissue samples were wet-ashed,^[@ref170]^ and their iron levels were determined by atomic absorption spectroscopy (Figure [28](#fig28){ref-type="fig"}). The renal iron content of rodents treated with **44** was reduced by 7.4% when the drug was administered in capsules and by 24.8% when it given as its sodium salt (Figure [28](#fig28){ref-type="fig"}). Although the renal iron content of the latter animals was significantly less than that of the untreated controls (*p* \< 0.001), there was not a significant difference between the capsule or sodium salt groups (*p* \> 0.05). The reduction in liver iron was profound, \>35% in both the capsule and sodium salt groups (*p* \< 0.001). There was a significant reduction in pancreatic iron when **44** was given as its sodium salt (*p* \< 0.05) vs the untreated controls but not when it was dosed in capsules (Figure [28](#fig28){ref-type="fig"}). However, as with the renal iron, there was no significant difference between the capsule vs sodium salt treatment groups (*p* \> 0.05).^[@ref170]^ Finally, there was a significant decrease in the cardiac iron of animals treated with 4′-norPE, 6.9 and 9.9%, when **44** was given in capsules and as its sodium salt, respectively (*p* \< 0.05).

![Tissue iron concentration of rats treated with **44** once daily at a dose of 384 μmol/kg/day × 10 days. The chelator was administered orally in gelatin capsules (*n* = 5) or by gavage as its monosodium salt (*n* = 10). Age-matched rats (*n* = 12) served as untreated controls.](jm-2014-00828f_0033){#fig28}

Summary of (*S*)-4′-(HO)-DADFT-norPE (**44**) Advantages {#sec1.9.7}
--------------------------------------------------------

The 4-norPE **44** offers a number of attractive properties.^[@ref170],[@ref171],[@ref177]^ It is easy to synthesize and is a crystalline solid. It is a very effective iron decorporation agent that is orally active and has an ICE in rodents and primates of ≈26%. In addition, the drug maintains its ICE over a wider range of dose levels than does the 3′-PE **36** as its sodium salt. Finally, it achieves high levels in the liver, heart, and pancreas and has a large therapeutic window.^[@ref171]^ Ligand **44** has now been licensed by Sideris as SP420 and is in a phase I clinical trial.

The Impact of Introducing Polyethers Directly into DFT on Ligand Toxicity and ICE {#sec1.10}
=================================================================================

DFT is a very efficient iron chelator when given po.^[@ref97]−[@ref99]^ However, it is severely nephrotoxic.^[@ref100]^ Structure--activity studies with DFT demonstrated that removal of the aromatic nitrogen to provide desazadesferrithiocin (DADFT, **4**) and introduction of either a hydroxyl group or a polyether fragment onto the aromatic ring resulted in orally active iron chelators that were much less toxic than DFT or **4**. These results encouraged us to determine if a comparable reduction in renal toxicity could be achieved by performing the same structural manipulations on DFT itself, i.e., fixing either a hydroxyl or polyether functionality to the DFT platform (Figure [29](#fig29){ref-type="fig"}). Accordingly, DFT analogues **46**--**48** were synthesized (Schemes [4](#sch4){ref-type="scheme"} and [5](#sch5){ref-type="scheme"}).^[@ref177]^ The ICE and ferrokinetics of the ligands were evaluated in rats and primates; toxicity assessments were carried out in rodents. In addition, log *P* values were also determined.

![Modifications of desferrithiocin compatible with iron clearance and the absence of renal toxicity.](jm-2014-00828f_0034){#fig29}

![Synthesis of **46** and **47**\
Reagents and conditions: (a) 4-methoxybenzyl alcohol, 60% NaH (2.5 equiv each), DMF, 95--100 °C, 18 h, 73%. (b) TFA, pentamethylbenzene, 22 h, quantitative. (c) CH~3~OH, 0.1 M pH 6 buffer, NaHCO~3~, 73--76 °C, 45 h. (d) EtI, DIEA (1.5 equiv each), DMF, 47 h, 70%. (e) K~2~CO~3~ (1.6 equiv), acetone, reflux, 1 d, 65%. (f) 50% NaOH(aq), CH~3~OH, then HCl, 96% (**46**), 97% (**47**).](jm-2014-00828f_0039){#sch4}

![Synthesis of **48**\
Reagents and conditions: (a) K~2~CO~3~ (2 equiv), CH~3~CN, 68%. (b) *m*-CPBA, CH~2~Cl~2~. (c) Ac~2~O, reflux. (d) NaOH(aq), EtOH, reflux, 4 h, 87%. (e) SO~3~·pyridine, NEt~3~, DMSO, CHCl~3~, 16 h, 83%. (f) H~2~NOH·HCl, NaOAc, CH~3~OH, reflux, 2 h, 90%. (g) Ac~2~O, reflux, 94%. (h) H~2~, 10% Pd--C, CH~3~OH, 85%. (i) CH~3~OH, 0.1 M pH 6 buffer, NaHCO~3~, 75 °C, 48 h, 95%.](jm-2014-00828f_0040){#sch5}

Synthesis of DFT Polyethers {#sec1.10.1}
---------------------------

The preparation of 5′-hydroxydesferrithiocin (**46**) and its 5′-norpolyether (**47**) (Table [9](#tbl9){ref-type="other"}) was somewhat more complicated than that of the DADFT series. The synthesis of **46** and **47** began with 2-cyano-3,5-difluoropyridine (**50**), which was converted to 2-cyano-3,5-dihydroxypyridine (**52**) in two steps (Scheme [4](#sch4){ref-type="scheme"}). Compound **50** was reacted with 4-methoxybenzyl alcohol and K~2~CO~3~ in acetonitrile to give the protected diol **51**. Removal of the 4-methoxybenzyl groups of **51** using trifluoroacetic acid (TFA)^[@ref177]^ in pentamethylbenzene^[@ref177]^ at room temperature provided nitrile **52**. Cyclocondensation of **52** with (*S*)-2-methyl cysteine (**2**) followed by esterification of crude acid **46** with iodoethane and *N*,*N*-diisopropylethylamine produced ethyl (*S*)-4,5-dihydro-2-(3,5-dihydroxy-2-pyridinyl)-4-methyl-4-thiazolecarboxylate (**53**). Hydrolysis of ester **53** generated **46** as a solid. Alternatively, ester **53** was alkylated at the less hindered 5′ phenol^[@ref177]^ with tosylate **42**, affording the polyether ligand precursor **54**. The carboxylate was unmasked under alkaline conditions to give **47**, an oil.

###### Iron Clearing Efficiency of DFT Analogues Administered to Rodents and Primates with the Respective Log *P*~app~ Values

![](jm-2014-00828f_0047){#fx7}

In the rodents \[*n* = 3 (**44**), 4 (**4** and **48**), 5 (DFT, **46**, **47**, **49**), or 8 (**26**)\], the ligands were given po at a dose of 150 μmol/kg (DFT and **4**) or 300 μmol/kg (**26** and **44**, **46**--**49**). The drugs were administered in capsules (**44**), solubilized in 40% Cremophor RH-40/water (DFT and **4**), or given as their monosodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water (**26**, **46**--**49**). The efficiency of each compound was calculated by subtracting the iron excretion of control animals from the iron excretion of the treated animals. The number was then divided by the theoretical output; the result is expressed as a percent. The relative percentages of the iron excreted in the bile and urine are in brackets.

ICE is based on a 48 h sample collection period.

In the primates \[*n* = 4 (DFT, **4**, **46**, and **44** in capsules and **47**--**49**), 6 (**26**), or 7 (**44** as the monosodium salt)\], the chelators were given po at a dose of 75 μmol/kg (**4**, **44**, **46**--**49**) or 150 μmol/kg (DFT and **26**). Ligand **48** was also given to the primates sc at a dose of 75 μmol/kg. The drugs were administered in capsules (**44**), solubilized in 40% Cremophor RH-40/water (**DFT** and **4**), or given as their monosodium salts, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water (DFT, **4**, **26**, **44**, **46**--**49**). The efficiency was calculated by averaging the iron output for 4 days before the drug, subtracting these numbers from the 2 day iron clearance after the administration of the drug, and then dividing by the theoretical output; the result is expressed as a percent. The relative percentages of the iron excreted in the feces and urine are in brackets.

Data are expressed as the log of the fraction in the octanol layer (log *P*~app~); measurements were done in TRIS buffer, pH 7.4, using a shake flask direct method.

The performance ratio (PR) is defined as the mean ICE~primates~/ICE~rodents~.

Synthesis of the 4′-nor polyether DFT analogue **48**, an isomer of iron chelator **47** (Table [9](#tbl9){ref-type="other"}), started with 2-methyl-3-(benzyloxy)-4-pyridone (**55**), available in two steps from maltol^[@ref186]^ (Scheme [5](#sch5){ref-type="scheme"}). *O*-Alkylation of **55** with tosylate **42** and K~2~CO~3~ in refluxing acetonitrile^[@ref187]^ afforded 2-methyl-3-(benzyloxy)-4-(3,6-dioxaheptyloxy)pyridine (**56**). The methyl group of **56** was oxidized by known methodology,^[@ref186]^ providing aldehyde **58**. Specifically, **56** was treated with 3-chloroperbenzoic acid in CH~2~Cl~2~, and the resulting N-oxide was heated at reflux in acetic anhydride. Cleavage of the acetate ester with base gave the 2-pyridinemethanol **57**. Primary alcohol **57** was further oxidized to aldehyde **58** with sulfur trioxide--pyridine complex and NEt~3~ in DMSO and CHCl~3~. The oxime **59**, generated under standard conditions,^[@ref162]^ was heated at reflux with acetic anhydride, furnishing the corresponding nitrile **60**. Removal of the benzyl-protecting group from **60** by hydrogenolysis (1 atm, 10% Pd--C, CH~3~OH) in the presence of the cyano group and pyridine ring produced 4-(3,6-dioxaheptyloxy)-3-hydroxy-2-pyridinecarbonitrile (**61**). Heating **61** with amino acid **2** in aqueous CH~3~OH buffered at pH 6 generated **48**.

Biological Evaluation of DFT Polyethers {#sec1.10.2}
---------------------------------------

The resulting DFT ligands demonstrated a reduction in toxicity that was equivalent to that of the DADFT polyether analogues and presented with variable iron clearing properties. DFT (Table [9](#tbl9){ref-type="other"}) and its analogues were all significantly more water-soluble (lower log *P*~app~) than the corresponding DADFT analogues, e.g., DFT vs **4**, **46** vs **26**, **47** vs **44**, and **48** vs **49**. There was an excellent correlation between ICE and log *P*~app~ in rodents among the DFT analogues **46**, **47**, and **48**, with the more lipophilic ligands having a greater ICE (Table [9](#tbl9){ref-type="other"}). This trend is in keeping with previous DADFT observations in rodents that more lipophilic ligands have better ICE properties. However, in the primates, the DADFT analogues were consistently better deferration agents than the corresponding DFT ligands, although the best DFT analogue, **47**, still presented with excellent ICE in both rodents and primates.

The effects of these structural modifications of DFT on its renal toxicity were assessed in rats using a urinary Kim-1 assay^[@ref177]^ as well as by monitoring BUN and SCr. The most notable finding was that fixing a hydroxyl group or a polyether fragment to the DFT aromatic ring resulted in a profound reduction in renal toxicity as was seen after the same modification to DADFT (Figure [30](#fig30){ref-type="fig"}). Although some nephrotoxicity was noted with both hydroxylated DADFT and DFT analogues, **26** and **46**, respectively, the introduction of polyether groups into either pharmacophore resulted in ligands with little to no impact on renal function, for example, **44**, **47**, and **48** (Figure [30](#fig30){ref-type="fig"}).

![Urinary Kim-1 excretion (*y* axis) is expressed as Kim-1 (ng/kg/24 h) of rats treated with DFT, DFT analogues **46**--**48**, or DADFT analogues **26** and **44**. The rodents were given the drugs po twice daily (b.i.d.) at a dose of 237 μmol/kg/dose (474 μmol/kg/day) for up to 7 days. Note that none of the rats survived the planned 7 day exposure to DFT. *n* = 5 for DFT, **44**, and **46**--**48**; *n* = 3 for ligand **26**.](jm-2014-00828f_0035){#fig30}

In summary, rather simple manipulation of the DFT aromatic ring, for example, hydroxylation, or the introduction of a polyether functionality, can have a marked effect on the ligand's ICE and renal toxicity (Figure [30](#fig30){ref-type="fig"}). Although the resulting DFT chelators were generally as effective in the rodents as their DADFT counterparts, they were less active in the primates.

Discussion {#sec2}
==========

In the early anaerobic biosphere, iron was largely in the Fe(II) oxidation state and highly soluble.^[@ref30]^ This changed with the production of oxygen by blue--green algae. Iron is now predominantly Fe(III) and is in the form of highly insoluble ferric hydroxide polymers.^[@ref31]^ Microorganisms had to develop tools to solve the iron access problem. Their solution was the assembly of highly Fe(III)-specific chelators, siderophores,^[@ref188]^ that they secreted into their environment. These ligands bound the metal and facilitated its delivery to the microorganisms via a variety of different transport and release scenarios. These chelators are relatively low molecular weight, \<1200, are highly Fe(III)-specific, and offer excellent platforms for the development of therapeutically useful iron decorporation agents. Simple eukaryotes and higher life forms, e.g., humans, developed a far more sophisticated iron access, storage, and delivery system.

Homeostatic mechanisms in humans controlling iron absorption, transport, and storage to multicompartments are very tightly regulated. There is little, if any, leakage of the metal. Here lies the crux of iron-overload diseases: there is no mechanism for excretion of excess metal. The consequence of this can be lethal to patients. The only solution for transfusional iron overload is to chelate the excess metal and promote its excretion.

The boundary conditions for the design and assembly of drugs for the treatment of transfusion-mediated iron-overload disorders are very tight. The diseases are genetic, and the patients require lifelong exposure to the therapeutic. Thus, the toxicity profile of the candidate ligand must be pristine.^[@ref11]−[@ref13]^ In addition, to avoid potential patient compliance issues, the iron chelator needs to be active when given po.

There are three fundamental platforms from which to choose: a natural product chelator (a siderophore), a totally synthetic ligand, or some combination thereof. Initially, the standard of care for transfusional iron-overload treatment was DFO, a siderophore. This was followed by four notable synthetic ligands: DTPA, HBED, L1, and Exjade. Unfortunately, DFO,^[@ref51]−[@ref54]^ DTPA,^[@ref116],[@ref117]^ and HBED^[@ref118]−[@ref120]^ are ineffective unless given parenterally. While both L1 and Exjade work when given po, their ICE values were somewhat less than hoped. In addition, although most therapies are indeed an exercise in trade offs, both drugs presented with problematic toxicity issues. Thus, the search for chelators with better ICE properties and toxicity profiles continued. This led to extensive SAR studies on the natural product iron chelator DFT.

DFT is excreted by *Streptomyces antibioticus* for the express purpose of acquiring Fe(III).^[@ref68]^ Initial animal trials with DFT in rodents and primates revealed it to be an orally active, highly efficient iron chelator. However, it presented with unacceptable renal toxicity.^[@ref100],[@ref154]^ Nevertheless, the remarkable oral bioavailability and ICE drove a very successful structure--activity adventure aimed at ameliorating DFT-induced nephrotoxicity. The initial outcome revealed that removal of the DFT aromatic nitrogen and introduction of a hydroxyl at either the aromatic 4′ or 3′ position of DADFT (**4**) led to ligands with remarkably reduced toxicity in rodents and good ICE in primates. In fact, deferitrin (**26**) was taken into human clinical trials by Genzyme.^[@ref163],[@ref165]^ Initial results were very promising when the drug was given s.i.d. However, when the ligand was given b.i.d., patients presented with elevated BUN and SCr, and the trials were discontinued.^[@ref165]^ The problem then became how to solve the renal toxicity problem when the chelator was administered b.i.d.

The reengineering of deferitrin (**26**) was predicated on the observation that both **26** and (*S*)-3′-(HO)-DADFT (**30**) were orally active iron chelators and that when the 4′-(OH) of DADFT was methylated, there was a remarkable increase in ICE and an increase in toxicity accompanying the greater lipophilicity.^[@ref162],[@ref166]^ It was discovered that introducing the polyether fragment 3,6,9-trioxadecyl at the 4′-(OH) of **26** or the 3′-(OH) of **30**, providing 4′-(HO)- and (*S*)-3′-(HO)-DADFT-PE (**34** and **36**, Table [5](#tbl5){ref-type="other"}), respectively, led to less lipophilic, remarkably efficient iron chelators with no renal toxicity, even when the molecules were administered b.i.d.^[@ref162],[@ref167],[@ref168]^

It was also clearly demonstrated that fixing polyether fragments to desferrithiocin itself (Figure [29](#fig29){ref-type="fig"} and Table [9](#tbl9){ref-type="other"}) resulted in ligands with excellent ICE values and minimal toxicity.^[@ref177]^ The take home message, then, was that polyether fragments can have a profound effect on a ligand's toxicity profile. However, the (*S*)-4′ and (*S*)-3′-DADFT-PEs **34** and **36** had better ICE properties than the DFT-PE's **47** and **48** and were good candidates for human clinical trials. A magnesium salt of 3′-polyether ligand **36** (SPD602, deferitazole magnesium) is now in phase II clinical trials with Shire.^[@ref172],[@ref173]^ It will be interesting to learn whether using the magnesium salt of the chelator is responsible for the ligand's observed tolerability issues, e.g., GI effects.^[@ref172],[@ref173]^ As all of our data was derived from the corresponding acid or sodium salt, this is difficult for us to evaluate. Nevertheless, there were two properties of 3′-polyether **36** that left room for improvement. The parent acid was an oil, and the dose--response curve for **36** plateaued in rodents very quickly: doubling the dose reduced the ICE by 40%. Changing the length of the 3,6,9-trioxadecyloxy polyether fragment on (*S*)-4′-(HO)-DADFT-PE (**34**) to a 3,6-dioxaheptyloxy group provided a ligand with all of the desired properties, (*S*)-4′-(HO)-DADFT-norPE (**44**).^[@ref170],[@ref171],[@ref177]^ It is a very effective deferration agent in both rodents and primates (ICE ∼26%), thus increasing its index of success in humans. It is a crystalline solid and performs very well in capsules in both species. Ligand **44** also has a better dose--response profile and better access to the relevant organs in rodents than 3′-polyether **36**.^[@ref170],[@ref171]^ It has now moved into human clinical trials with Sideris as SP420. These studies will ultimately reveal which ligand is the most useful. Each may offer advantages to thalassemia subpopulations.

Probably the most relevant finding in these studies, the relationship among ligand lipophilicity, iron clearing efficiency, and toxicity, will define future chelator design strategies. The concept that unfolds is one in which highly lipophilic chelators are designed for efficient oral absorption such that, once absorbed, they can be quickly metabolized to hydrophilic, likely minimally toxic, active iron decorporation agents. As the literature continues to underscore the potential application of iron chelators to a broad spectrum of diseases, there will no doubt be a rapid expansion in interest in chelation therapy. The authors and patients remain indebted to NIDDK, the University of Florida Health Center, and the involved corporate entities for their support of these studies.
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GI

:   gastrointestinal

NTBI

:   nontransferrin-bound iron

DHBA

:   2,3-dihydroxy-*N*,*N*-dimethylbenzamide

DMT1

:   divalent metal transporter 1

NRAMP2

:   natural resistance-associated macrophage protein 2

DCT1

:   divalent cation transporter 1

DFO

:   desferrioxamine

TfR

:   transferrin receptor

IRE

:   iron responsive element

IRP

:   iron responsive proteins

ICE

:   iron clearing efficiency

po

:   orally

sc

:   subcutaneously

iv

:   intravenously

SAR

:   structure--activity relationship

DFT

:   desferrithiocin

DMDFT

:   desmethyldesferrithiocin

DADFT

:   desazadesferrithiocin

DADMDFT

:   desazadesmethyldesferrithiocin

s.i.d.

:   once daily

b.i.d.

:   twice daily

PR

:   performance ratio

Kim-1

:   kidney injury molecule-1

TFA

:   trifluoroacetic acid

DTPA

:   diethylenetriaminepentaacetic acid

BUN

:   blood urea nitrogen

SCr

:   serum creatinine
